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Abstract 
 
Many species within the Fusarium genus are important plant pathogens in Australia 
and worldwide. A number of important Fusarium diseases occur in grain sorghum 
and mungbean crops throughout Queensland and northern New South Wales, often 
resulting in serious losses to crop yields and grain quality. Grain sorghum is typically 
the largest summer field crop grown in Queensland. Fusarium stalk rot can cause 
significant losses to growers in Queensland and northern New South Wales, 
particularly when the disease results in lodged stalks. Historically, F. moniliforme 
sensu lato was thought to be responsible for Fusarium diseases of grain sorghum 
worldwide, however recent changes in taxonomy have split the species into a 
number of different species. This study identifies the Fusarium species associated 
with Fusarium stalk rot and head blight in eastern Australia. A total of 523 Fusarium 
isolates were collected from northern New South Wales, southern Queensland and 
central Queensland during the 2009-2011 cropping seasons from diseased sorghum 
plants. Nine Fusarium species were isolated from diseased sorghum tissues and 
pathogenicity tests confirmed that F. andiyazi and F. thapsinum were the dominant 
stalk pathogens, whilst F. thapsinum and species within the Fusarium incarnatum-F. 
equiseti species complex were most frequently associated with head blight. Fusarium 
thapsinum was the dominant stalk rot pathogen across all three major sorghum 
growing regions in eastern Australia during the 2009-2011 seasons, and was the 
most widespread and frequently isolated species obtained from diseased stalks, 
seedlings and stubble, accounting for 40% of the total isolates recovered. The 
recovery of F. andiyazi and F. thapsinum from all regions sampled suggests that 
these pathogens are widespread throughout the major sorghum-growing regions in 
eastern Australia. This study is the first to report the pathogenicity of F. andiyazi and 
F. thapsinum on stalks and peduncles of grain sorghum in eastern Australia. This 
study also demonstrated that Fusarium species originally obtained from diseased 
stalks can successfully infect peduncles, and vice versa.  
The second part of this study focused on identifying the causal agent and developing 
a reliable screening technique for the emerging disease, Fusarium wilt of mungbean 
in southern Queensland. A total of 114 Fusarium isolates were collected from 
diseased mungbean plants throughout Queensland during the 2011-16 cropping 
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seasons. Eight Fusarium species were recovered from diseased tissues, although F. 
oxysporum and F. solani were most frequently recovered. Phylogenetic analysis 
confirmed variability in the DNA profiles of both F. oxysporum and F. solani isolates 
collected during this study. This was the first study to report the pathogenicity of 
species within the F. oxysporum and F. solani species complexes on mungbean in 
Australia. Several pathogenicity tests were trialled during the study, although further 
research is required to develop a robust screening technique that differentiates 
relative levels of resistance in different genotypes.  
The findings in this study provide valuable insight into the diversity and abundance of 
Fusarium species associated with two important summer field crops in eastern 
Australia.  
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Chapter 1 
 
Introduction 
The Fusarium genus was first described by Link in 1809 and consists of many 
species that are associated with diseases in a wide range of plants, humans and 
animals (Burgess et al., 1994, Link, 1809). The genus is widely distributed throughout 
the world and is commonly isolated from plants and soil in plant pathology 
laboratories. Since it was first described, the taxonomy of the Fusarium genus has 
drastically changed. Molecular techniques and sexual compatibility studies have 
revealed many differences in Fusarium species, greater than what was previously 
thought using morphological characters alone. Today the identification of Fusarium 
species should be made using a combination of techniques, including morphological 
characters, molecular techniques, and perhaps sexual compatibility, secondary 
metabolites (mycotoxins) and pathogenicity studies. 
 
Many species within the Fusarium genus are important plant pathogens worldwide, 
often resulting in serious losses to crop yields and grain quality. A number of 
Fusarium species are associated with important plant diseases in Queensland and 
northern New South Wales, Australia. In Queensland, summer field crops are largely 
grown in the southern and central regions between approximately 22º and 28ºS, and 
east of 147ºE (Thomas et al., 2007). The most common crops grown in Queensland 
include cereal crops (wheat, sorghum, maize and barley), oil seeds (canola and 
sunflower), pulses (chickpeas, faba bean, mungbean, soybean, navy bean and 
peanut), sugarcane, and cotton. Excluding sugarcane, grain sorghum (Sorghum 
bicolor L.) is typically the largest summer broad-acre crop grown in Queensland, 
followed by cotton (Gossypium hirsutum L.). Fewer oil seed and pulse crops are 
grown in Queensland, although mungbean (Vigna radiata L.) is generally the next 
largest summer field crop, and has been increasing in production over the last few 
years (ABARES, 2014). A number of Fusarium species are thought to be pathogenic 
on these crops in Queensland. 
 
Many Fusarium species are capable of surviving between cropping seasons in crop 
debris. Over the last 50 years, there has been a considerable effort to reduce surface 
runoff and erosion, and maintain surface cover. Consequently more growers are 
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using conservative or no-tillage practices to maintain their surface cover. Some 
research has suggested that there has been an increase in some stubble-borne 
diseases with the reduction of tillage practices in Australia (Farming, 2013). It is not 
known whether tillage practices have influenced the population of the major Fusarium 
species associated with the summer field crops in eastern Australia. 
 
Fusarium stalk rot can cause significant losses to sorghum growers in Queensland 
and northern New South Wales. Losses due to Fusarium stalk rot can occur through 
the reduction of the quantity and quality of grain, but can be particularly devastating 
to growers when lodging occurs. Historically, F. moniliforme sensu lato was thought 
to be the causal agent of Fusarium stalk rot worldwide, however recent changes in 
taxonomy have split the species into a number of different species. Since then, 
several studies have proven F. thapsinum to be the dominant sorghum stalk rot 
pathogen in most areas worldwide (Klittich et al., 1997, Leslie & Marasas, 2002). A 
study by Petrovic et al. (2009) in two sorghum crops in eastern Australia found both 
F. thapsinum and F. andiyazi to be the most prevalent species in stalk rot affected 
plants. It is not known which Fusarium species dominate other sorghum crops in 
eastern Australia, and whether their prevalence changes between regions.  
 
Anecdotal evidence suggests that another Fusarium disease, Fusarium wilt or root 
rot, is becoming an increasing threat to mungbean growers across eastern Australia. 
Over the last few years, the total production of mungbean in Australia has risen, as 
more growers realise the benefit of including a quick growing legume in their rotation, 
as well as a high price at harvest (ABARES, 2014). It could be proposed that as 
mungbean has been grown in more paddocks over recent years, the increased 
production has allowed the Fusarium pathogen to gradually increase its inoculum in 
soils over time. Currently little is known of mungbean Fusarium wilt disease in 
Australia, including which species are associated with the disease. Further research 
is vital to determine which species are involved so that integrated disease 
management strategies can be addressed in the future. 
 
Both sorghum and mungbean are important summer field crops in eastern Australia. 
Further research is vital to better understand which Fusarium species are associated 
with the sorghum stalk rot and mungbean Fusarium wilt diseases. The main goals of 
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this study were to identify which Fusarium species are the causal agents of the 
sorghum stalk rot and mungbean Fusarium wilt diseases in Queensland.  
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Chapter 2 
 
Literature Review 
 
2.1 Importance of the Fusarium genus 
 
The genus Fusarium was first described in 1809 by Link and contains many species 
that have been associated with diseases in plants, humans, and domesticated 
animals (Burgess et al., 1994, Link, 1809). Fusarium species are widely distributed 
throughout the world, and have been found from the sub-Antarctic to above the Arctic 
Circle (Backhouse et al., 2001). According to Booth (1971), species within the 
Fusarium genus are equipped with abundant means of survival, with the capacity to 
quickly adapt to new environments by rapidly changing both morphologically and 
physiologically.  
 
Fusarium is considered to be the one of the most important and economically 
destructive plant pathogens and mycotoxigenic fungi, threatening the health of 
plants, animals and humans throughout the world (O'Donnell et al., 2013). Many 
species within the Fusarium genus are important plant pathogens, and have been 
associated with diseases that cause significant losses in the quantity and quality of 
yield in a wide range of plants  (Burgess et al., 1994, Booth, 1971). Many plants have 
at least one disease caused by a Fusarium species, although the diseases may vary 
vastly between hosts and may include root or stem rots, cankers, wilts, fruit and seed 
rots, and leaf diseases (Burgess et al., 1994, Leslie & Summerell, 2006, Gullino et 
al., 2012). The species causing disease may be extremely host-specific, such as the 
various formae speciales and races of Fusarium oxysporum, or they may be less 
host-specific and cause a number of diseases on a wider range of plant hosts 
(Beckman, 1987, Meldrum et al., 2012, Gullino et al., 2012).  
 
Fusarium species are responsible for multi-billion US dollar losses annually in crop 
yields, grain quality, and mycotoxin contamination to agriculture worldwide (Wu, 
2007). In 1996 more than US $80 million in grain yield losses were caused by 
fusarium stalk rot of sorghum in Kansas alone (Waniska et al., 2001). In India, 
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Fusarium wilt causes close to US $71 million in annual pigeon pea crop losses (Patil 
et al., 2017). Disease surveys conducted between 1997 and 2009 in wheat crops 
grown in Victoria, Australia,estimated average annual yield losses of at least 2-3% or 
$11-16 million per year due to the crown rot disease (Hollaway & Exell, 2010).  
 
2.2 Fusarium taxonomy 
 
The Fusarium genus was first described by Link in 1809. Since then the taxonomy of 
the Fusarium genus has changed considerably. Today it is generally accepted that 
the genus Fusarium is classified under the Ascomycota phylum, Ascomycetes class, 
Hypocreales order (Leslie & Summerell, 2006). The anamorph is found in the 
Deuteromycota, in the class Hyphomycetes (Burgess et al., 1994, Leslie & 
Summerell, 2006). The teleomorphs of the Fusarium genus are typically classified in 
the Gibberella genus, however there are also a few species with teleomorphs in the 
genera Nectria, Cosmospora, Hemanectria, Albonectria, Monographella and 
Plectosporium (Moretti, 2009).  
 
Historically, the differentiation of Fusarium species was based solely on 
morphological characters, and an individual assigned as a type for that species 
represented the variation inherent in the entire species (Leslie & Summerell, 2006). 
The morphological characters considered important for identification included the 
shape and size of macroconidia and microconidia, mode of formation of 
microconidia, production of chlamydospores, and growth rates on selective media 
(Leslie & Summerell, 2006).  
 
Since the genus was first described, the number of recognised species has varied 
from as few as nine to as many as 300 (Summerell & Leslie, 2004, Link, 1809, Aoki 
et al., 2014). Historically, the identification of species was typically based on a limited 
number of cultures and from observations on host plants, and isolates from different 
plant species were thought to represent different fungal species (Summerell & Leslie, 
2004).  
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Leslie and Summerell (2006) give a detailed summary of the taxonomic systems 
developed since Link first described the Fusarium genus in 1809 (Leslie & 
Summerell, 2006).  In 1935, Wollenweber and Reinking developed a taxonomic 
system that forms the basis for all modern taxonomic systems in Fusarium, and is 
based on 16 sections, 65 species, and 77 sub-specific varieties and forms (Leslie & 
Summerell, 2006, Wollenweber & Reinking, 1935). In the 1940s and 1950s, Synder 
and Hansen reduced Wollenweber and Reinking’s 65 species to just nine (Leslie & 
Summerell, 2006, Synder & Hansen, 1945). In the 1950s and 1960s, Gordon used 
aspects from both the Wollenweber and Reinking, and Synder and Hansen systems 
to develop a new taxonomic system (Leslie & Summerell, 2006, Synder & Hansen, 
1945, Wollenweber & Reinking, 1935, Gordon, 1959). Several taxonomic systems 
were developed after this period, including the system developed by Booth in the 
1960s and 1970s, which incorporated additional attributes such as the formation of 
conidia, growth rates, and teleomorphs (Leslie & Summerell, 2006, Booth, 1971). In 
1982, Gerlach and Nirenberg published a pictorial guide to the genus. Although it 
was thought that not enough cultures were used to develop the pictorial guide, many 
of the proposed species are still accepted today (Leslie & Summerell, 2006, Gerlach 
& Nirenberg, 1982, Summerell & Leslie, 2004). An identification manual was 
produced in 1983 by Nelson, Toussoun and Marasas, and a similar guide was later 
written by Burgess et al. (1994), concentrating on those species more common to 
Australasia (Leslie & Summerell, 2006, Nelson et al., 1983, Burgess et al., 1994).  
 
 
2.2.1 Current techniques used to identify Fusarium species 
 
Historically, the main approach to identify Fusarium species has been through the 
examination of morphological characters. Fusarium species may produce three types 
of spores, including macroconidia, microconidia, and chlamydospores (Leslie & 
Summerell, 2006, Elmer, 2012). The most important character for morphological 
identification is considered to be the macroconidia, which are typically produced in 
structures called sporodochia (Leslie & Summerell, 2006, Elmer, 2012). The length, 
width, shape, and number of septa of macroconidia all need to be considered when 
identifying a Fusarium species  (Leslie & Summerell, 2006). According to Leslie and 
Summerell (2006), the shape of the basal and apical cells of macroconidia are 
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particularly important characteristics when identifying Fusarium species. Fusarium 
species may also produce one or two celled microconidia, which are borne singly or 
in clumps, known as false-heads, or in chains from either monophialides, or both 
monophialides and polyphialides (Leslie & Summerell, 2006, Elmer, 2012).  A 
monophialide refers to the conidiogenous cell that releases spores from a single 
pore, whereas a polyphialide may release microconidia from several pores (Moretti, 
2009). The size, shape, and how the microconidia are borne from the phialide cells 
all need to be considered when identifying a Fusarium species (Leslie & Summerell, 
2006). Chlamydospores are thick-walled structures with a high lipid content that are 
capable of surviving in soil and plant debris for extended periods of time (Leslie & 
Summerell, 2006, Moretti, 2009, Elmer, 2012). If present, chlamydospores are 
formed singly, in clumps, or in chains in the aerial mycelium or within the agar, in the 
middle of the hyphae or at their termini (Leslie & Summerell, 2006, Moretti, 2009). All 
three spore types need to be considered carefully when identifying Fusarium species. 
 
The identification of Fusarium species should be made from isolates grown from a 
single spore, and grown on specific media (Leslie & Summerell, 2006, Moretti, 2009). 
Currently a combination of techniques are employed for the identification of Fusarium 
species based on morphological characters (Leslie & Summerell, 2006, Burgess et 
al., 1994, Gerlach & Nirenberg, 1982, Nelson et al., 1983). Using morphological traits 
as the sole technique for the identification of Fusarium species has revealed 
numerous inadequacies in recent times. One major constraint is that the 
morphological characters used to identify the species are highly sensitive to 
environmental conditions (Leslie & Summerell, 2006). Ideally it would be useful to 
identify a species based on morphological characteristics, as well as pathogenicity, 
toxicity, ecology, and molecular traits (Burgess et al., 1996). However in reality, 
species identification is likely to be based primarily on morphological characters 
when a large number of isolates need to be identified (Leslie & Summerell, 2006). 
 
The biological species concept was devised by Mayr (1940) and defines separate 
species as groups of populations that interbreed with each other, and are 
reproductively isolated from other groups (Mayr, 1940). In the context of Fusarium 
taxonomy, this meant looking at Fusarium populations rather than single individuals 
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and considering how they interact with each other, rather than basing the 
identification of a species on a single Fusarium isolate. 
 
Species in the Fusarium genus are thought to reproduce as either a homothallic or 
heterothallic culture (Leslie & Summerell, 2006, Ruiz-Rolden & Pietro, 2012). 
Homothallic cultures are thought to be self-fertile, producing sexual spores from a 
single spore (Leslie & Summerell, 2006, Ruiz-Rolden & Pietro, 2012). Most Fusarium 
species are considered to be heterothallic, which require a sexual interaction 
between two morphologically identical but physiologically distinct cultures, arising 
from a single spore, in order to complete their life cycle (Leslie & Summerell, 2006, 
Leslie, 2012).  
 
According to Leslie and Summerell (2006), the most important physiological 
difference in two cultures is their difference in mating type. A mating type refers to the 
regulatory genes for successfully crossing different strains, and may have functional 
or non-functional alleles (Leslie & Summerell, 2006). Those cultures with non-
functional alleles are often sterile and will not produce sexual structures when 
crossed (Leslie & Summerell, 2006). Cultures that have both functional and non-
functional alleles and can successfully cross and form sexual structures are 
considered compatible, whereas those that cannot successfully cross are termed 
incompatible (Leslie & Summerell, 2006). For some species there are fertile tester 
strains available. Cultures that are consistently cross-fertile with these tester strains 
are considered to be conclusively identified. However, it has been reported that some 
tester strains can occasionally produce perithecia homothallically, therefore any 
cultures that are crossed with the testers that produce only a few perithecia must be 
carefully evaluated (Leslie & Marasas, 2002). According to Leslie and Marasas 
(2002), the ascospores in these perithecia are identical to the parent and their 
identity can be verified using a vegetative compatibility analysis (VCG) of the parent 
and a few of the progeny (Leslie & Marasas, 2002).  
 
The vegetative compatibility analysis is a technique used to group cultures that share 
common alleles at certain loci (Leslie & Summerell, 2006). Hyphae of vegetatively 
compatible cultures can fuse together during growth, which may survive and form a 
heterokaryon (Klein & Correll, 2001, Leslie, 2012). Vegetatively compatible isolates 
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belong to the same vegetative compatibility group (VCG) (Klein & Correll, 2001, 
Leslie, 2012). The hyphae of two vegetatively incompatible strains do not fuse 
together, or if they do then one or both of the fused cells may die and create a barrier 
between the two isolates (Klein & Correll, 2001). Vegetative compatibility analysis 
can be used to identify different strains within the same species, although they do not 
provide reliable information on the genetic relationship between strains (Leslie, 
2012).  
 
Performing sexual cross-fertility tests and vegetative compatibility analyses are not 
reliable tools to accurately identify species on their own due to the time taken to 
perform the tests, the inaccuracy of interpreting the results, and the fact that fertile 
tester strains have not yet been developed for many of the more recently described 
species (Leslie & Marasas, 2002, Leslie, 2012). In addition, there are high levels of 
asexual reproduction, unequal relative frequencies of the mating-type alleles, and a 
limited number of strains that are fertile as females within the Fusarium genus (Leslie 
& Summerell, 2006). According to Leslie and Summerell (2006) molecular methods 
can now be employed to determine mating types without the need for sexual cross-
fertility tests. 
 
The phylogenetic species concept sorts taxa on the basis of their shared evolutionary 
history. Cracraft (1983) defined a phylogenetic species as the smallest diagnosable 
cluster of individual organisms within which there is a parental pattern of ancestry 
and descent. Deoxyribonucleic acid (DNA) sequences of one or a few genes are 
commonly used for analyses of taxomonomic relationships between species or for 
identifying clades and defining phylogenetic species in the Fusarium genus (Leslie & 
Marasas, 2002). Identifying species based on the analysis of DNA sequences is 
becoming more commonly used in the Fusarium genus, and can be applied to both 
asexual and homothallic species (Leslie & Summerell, 2006, Leslie & Marasas, 
2002). A number of molecular techniques have been implemented to differentiate the 
Fusarium species, including Polymerase Chain Reaction (PCR) primers, genomic 
sequences, and Amplified Fragment Length Polymorphisms (AFLPs) (Leslie & 
Summerell, 2006). According to Leslie and Summerell (2006), although some PCR 
primers have been developed to amplify a specific fragment from a particular 
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species, and determine the mating type of some cultures, they have not been 
developed for all species and their reliability is still yet to be proven.  
 
AFLPs are generally used to identify variability in populations and can be used to 
distinguish species from one another, and are particularly useful when constructing a 
genetic map (Leslie & Summerell, 2006). Using AFLPs, species can be differentiated 
by the amount of bands they share, with the same species sharing 60-70% of AFLP 
bands and separate species sharing less than 40% (Leslie & Summerell, 2006).  
 
Much work has gone into the recent develop of DNA primers for the comparison of 
DNA sequences between cultures. Many species are being separated based on 
nucleotide sequences in regions encoding the nuclear and mitochondrial rRNA 
coding regions, -tubulin, mating type, transcription elongation factor 1- (TEF 1-α), 
calmodulin, internal transcribed spacer region (ITS), histone H3, nuclear ribosomal 
intergenic spacer region (IGS rDNA), RNA polymerase II largest (RPB1) and second 
largest (RPB2) subunits, (Leslie & Summerell, 2006, O'Donnell et al., 2013, 
O'Donnell et al., 2010, O'Donnell et al., 2009a). However, not all sequences are 
equally useful for every species. According to Leslie and Summerell (2006) using 
nuclear Internal Transcribed Spacer (ITS) sequences for the identification of species 
within the G. fujikuroi species complex is of limited use.  
 
In 2010, O’Donnell et al. sequenced the TEF 1-α, RPB1 and RPB2 genes for 69 
Fusarium species associated with human and animal mycoses. Phylogenetic 
analyses of the combined data suggested that the species could be separated into 
eight species complexes (O'Donnell et al., 2010). More recent studies have indicated 
that the Fusarium genus could be comprised of twenty species complexes (O'Donnell 
et al., 2013).  
 
Studies comparing whole mitochondrial genome sequences of different Fusarium 
isolates have revealed significant differences in gene content and have aided in the 
identification of sub-species (Al-Rheedy et al., 2012). A comparison of whole genome 
sequences of F. graminearum. F. verticillioides, and F. oxysporum f. sp. lycopersici 
(Fol) revealed lineage-specific (LS) regions in Fol that includes four entire 
chromosomes (Ma et al., 2010). These LS regions are thought to be related to 
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pathogenicity, and horizontal gene transfer of one of the LS chromosomes from a 
pathogenic Fol isolate to a non-pathogenic isolate was demonstrated by Ma et al. 
(2010). The genetics of pathogenicity in Fol involves the expression of a number of 
effector genes (Rocha et al., 2016). Fourteen secreted in xylem (SIX) effector genes 
have since been identified in Fol and are most likely situated within the LS 
chromosome (Rocha et al., 2016, Rep et al., 2004). These SIX genes have more 
recently been detected in other F. oxysporum formae speciales including: F. 
oxysporum f. sp. melonis, F. oxysporum f. sp. radices-cucumerinum, F. oxysporum f. 
sp. vasinfectum, F. oxysporum f. sp. lilii, and F. oxysporum f. sp. cubense (Meldrum 
et al., 2012, Rocha et al., 2016).  
 
Many sequences are available from GenBank, however the reliability of individual 
published sequences remains debatable as the techniques used to determine 
sequences in the past differs considerably from current methods, with those in the 
past are often shorter and less accurate (Leslie & Summerell, 2006). A database 
specifically for Fusarium species is available at http://isolate.fusariumdb.org/blast.php 
and includes sequences that are associated with strains that have been identified 
morphologically and are accessible through the Fusarium Research Center at the 
Pennyslvania State University and other culture collections (Leslie & Summerell, 
2006). It is important that the identification of species in the Fusarium genus is not 
based solely on molecular techniques as there are some species that contain no 
sequence data in GenBank or in the Fusarium database (Leslie & Summerell, 2006).  
 
Given the limitations and benefits of each of the morphological, biological and 
phylogenetic species concepts, an approach using all three is the most robust 
method for identifying species within the Fusarium genus (Summerell et al., 2003).   
 
 
2.3 Summer field crops currently grown in Queensland 
 
Summer field crops are largely grown in the southern and central regions of 
Queensland, between approximately 22º and 28º S, and east of 147º E (Thomas et 
al., 2007). Total rainfall varies from year to year, although the mean annual rainfall in 
the southern and central regions is 500-750 mm (Bureau of Meterology 2016).  
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The most common crops grown throughout Queensland include cereal crops (wheat, 
sorghum, maize and barley), oil seeds (canola and sunflower), pulses (chickpeas, 
faba bean, mungbean, soybean, navy bean and peanut), sugarcane, and cotton. 
Excluding sugarcane, grain sorghum is generally the largest summer field crop in 
Queensland, although the total area of production varies between seasons. The 
average annual area of sorghum production in Queensland between 2000 and 2012 
was 712 thousand hectares (ABARES, 2014). Cotton is the second largest summer 
field crop in Queensland, with an average annual area of production of 119 thousand 
hectares (ABARES, 2014). The total area of oil seed and pulse production in 
Queensland varies between seasons, although the annual total area of production is 
typically less than 60 thousand hectares, with mungbean typically being the largest 
summer crop (ABARES, 2014).  
 
 
2.3.1 No-tillage and conservation farming practices in Queensland 
and their potential influence on stubble-borne diseases 
 
Conventional tillage practices have historically been used throughout Queensland to 
control weeds, remove stubble for disease control, prevent nutrient tie-up, and 
creating the ideal condition of the soil for the following crop (Thomas et al., 2007). As 
a result of these practices, many cropping areas throughout Queensland have 
eroded soils (Thomas et al., 2007). During the 1940s, the Queensland Government 
initiated a soil conservation service that aimed to reduce soil erosion and manage 
runoff (Thomas et al., 2007). Since then new farming systems have been widely 
adopted to maximise surface cover (Thomas et al., 2007, Dang et al., 2015). It is now 
widely accepted that soil erosion and runoff is reduced by retaining crop stubble as a 
surface cover and using no-tillage or reduced tillage practices, compared with 
conventional tillage practices (Thomas et al., 2007).  
 
A review by Thomas et al. (2007) found that the area under reduced tillage in 
southern Queensland increased from an average of 62% of the cropping area in 
1995, to close to 100% in 2005; and the area under no-tillage increased from an 
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average of 14% in 1995, to 58% in 2005. Similar findings were found in central 
Queensland, with the area under no-tillage increasing from 5% in 1996 to 33% in 
2001 (Thomas et al., 2007). A reduction in conventional tillage practices across many 
paddocks in Queensland has likely impacted on the amount of fungal inoculum 
present. Tillage practices remove most crop debris and volunteer plants that may 
harbour pathogens between seasons (Bowden, 2016). According to Bowden (2016), 
many pathogens benefit when the crop stubble is left on the soil surface.  
 
Reduced tillage practices tend to increase soil moisture and decrease soil 
temperature, which may influence the survival of some pathogens (Bowden, 2016). 
Reduced tillage also changes soil density, porosity, and the microbial community, 
which may all have some effect on different pathogens. The behaviour of some 
vectors that spread disease may change when reduced tillage practices are adopted 
(Bowden, 2016). In addition, reduced tillage practices may indirectly influence plant 
diseases by causing changes in cultural practices, such as fertiliser or pesticide 
applications, plant spacing, and irrigation.  
 
Studies on Fusarium stalk rot in the USA indicate that the disease is reduced when 
sorghum is grown under eco-fallow conditions, which involve a three year reduced 
tillage rotation system, rather than when grown under conventional tillage practices 
(Claflin & Giorda, 2002, Doupnik et al., 1975, Claflin, 1986, Doupnik & Boosalis, 
1980, Zummo, 1984, Doupnik, 1984). These results are likely due to less stress 
experienced in plants grown under minimum tillage practices, despite the amount of 
inoculum present. A study on the charcoal rot pathogen, caused by Macrophomina 
phaseolina in soybeans found that the pathogen could be recovered from surface 
residues significantly more than from buried residues (Baird et al., 2003). Minimum 
tillage sytems allow the saprophytic survival on crop residues and weed hosts of 
Fusarium species associated with head blight in wheat (Triticum aestivum L.), maize 
(Zea mays L.) and other grasses (Dill-Macky & Jones, 2000). Toledo-Souza et al. 
(2012) also reported that the incidence of Fusarium wilt in common bean, caused by 
F. oxysporum f. sp. phaseoli, is reported to increase under no-tillage systems. 
 
Across the northern growing region of Australia, some of the common soil and 
stubble-borne pathogens include crown rot of wheat (caused by species within the F. 
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graminearum complex), yellow spot of wheat (caused by Pyrenophora tritici-repentis), 
sorghum stalk rot (caused by species within the F. fujikuroi complex and the charcoal 
rot pathogen, Macrophomina phaseolina), Ascochyta blight of chickpea (caused by 
Phoma rabeii), and Fusarium wilt in cotton (caused by F. oxysporum f. sp. 
vasinfectum). The increased incidence of some of these pathogens in recent years 
has been attitributed to the retention of surface stubble and lack of soil disturbance 
(Page et al., 2013). A number of studies in Australia have demonstrated that the 
incidence of crown rot in wheat has been higher with stubble retention (Page et al., 
2013, Swan et al., 2000, Summerell et al., 1989, Burgess et al., 1993).  
 
There is limited information on the effect that reduced tillage practices have on other 
Fusarium pathogens in Australia. Further research is warranted to investigate the 
influence of minimum tillage on the incidence of other soil and stubble-borne 
diseases and their inoculum in eastern Australia.  
 
 
2.4 Cultivated grain sorghum 
 
2.4.1 The Sorghum genus and its domestication in Australia 
 
Cultivated sorghum (S. bicolor (L.) Moench) is taxonomically classified in the 
Sorghum genus, in the sub-tribe Sorghinae, belonging to the tribe Andropogoneae, in 
the sub-family Panicoideae, of the grass family Poaceae (Dahlberg, 2000). Lazarides 
et al. (1991) described 25 species of Sorghum, with 17 indigenous to Australia, and 
14 endemic (Lazarides et al., 1991).  
 
Sorghum bicolor belongs to the Section Eusorghum and was originally derived from 
Ethiopia and was thought to be introduced to Australia following European settlement 
in 1788 (Doggett, 1988). Broom millet (S. vulgare var. technicum) was possibly the 
first sorghum introduced into Australia in the early 1800s, however grain sorghum (S. 
bicolor) was not likely introduced until 1908 from Texas, USA (McDonald, 1909). The 
production of grain sorghum in Queensland was thought to commence in 1938 
(Jackson & Jacobs, 1985).  
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2.4.2 The importance of grain sorghum 
 
In terms of production and area planted, grain sorghum is the fifth most important 
cereal worldwide after rice, wheat, maize and barley (Porter et al., 2002, FAOSTAT, 
2014). It is considered to be one of the world’s most important crops, due to its 
versatility and drought tolerance, and that it is a staple food for many of the world’s 
poor (Walsh, 2007, Commission, 2011). In the developed world grain sorghum is 
primarily produced to feed livestock, however in less-developed countries it is a 
crucial food product and is the main source of alcoholic beverages (Maunder, 2002). 
Almost all sorghum in Australia is produced as feed for livestock (Ryley et al., 2002, 
NSWDPI, 2014).  
 
In recent years, sorghum is generally grown throughout the high temperature and low 
rainfall areas of Africa, Asia, the Americas and Australia between 40º S and 45º N 
(Maunder, 2001, FAOSTAT, 2014). In Australia, most sorghum is grown in 
Queensland and northern New South Wales, usually in low rainfall areas without 
irrigation. The total area sown to grain sorghum in the 2007-08 season was 942 
thousand hectares, with 2.5 million tonnes produced in Queensland, and 1.3 million 
tonnes produced in New South Wales (ABS, 2009). According to Ryley et al. (2002), 
sorghum production in Australia can vary significantly between cropping seasons, 
primarily due to fluctuations in annual rainfall. The major limitation to grain sorghum 
production in Australia is thought to be low available soil moisture, often resulting in 
water deficit that can cause significant losses in yield due to a reduction in grain size 
and number, and if severe enough can lead to lodged stalks (White, 2007).  
 
 
2.5 Fusarium species associated with sorghum 
 
2.5.1 Taxonomy of the Fusarium species associated with sorghum 
 
Historically, many Fusarium diseases of grain sorghum were thought to be caused by 
Fusarium moniliforme sensu lato and F. moniliforme var. subglutinans, including stalk 
and root rots, seedling blight, pokkah boeng and grain mould (Tarr, 1962). The 
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taxonomy of these two species has changed dramatically over the past 25 years 
(Klittich & Leslie, 1992, Klittich et al., 1997, Leslie et al., 2005a, Marasas et al., 
2001). Fusarium moniliforme sensu lato has been segregated into a number of 
species based on several factors such as the preference of host (Jardine & Leslie, 
1992, Klittich & Leslie, 1992, Tesso et al., 2010), ability to synthesize mycotoxins 
(Tesso et al., 2010), and benomyl and hygromycin sensitivity (Tesso et al., 2010). 
This segregation has been confirmed using techniques such as electrophoretic 
karyotyping (Tesso et al., 2010) and isozyme analysis (Tesso et al., 2010, Huss et 
al., 1996).  
 
In 1904, a microconidial chain-producing Fusarium species isolated from maize in 
Nebraska was described as F. moniliforme Sheldon and was included in the Section 
Liseola by Wollenweber and Reinking (1935), along with two other species and three 
varieties (Leslie & Summerell, 2006, Wollenweber & Reinking, 1935, Sheldon, 1904). 
Snyder and Hansen (1945) later reduced all of these six taxa within the Section 
Liseola to a single species, F. moniliforme Sheldon emend. (Leslie & Summerell, 
2006, Synder & Hansen, 1945). In 1971 Booth further separated the species to 
include the variety F. moniliforme var. subglutinans due to the absence of 
microconidial chains and the presence of polyphialidic conidiogenous cells (Leslie & 
Summerell, 2006, Booth, 1971). Gerlach and Nirenberg (1982) later revised the taxa 
in Section Liseola to include ten species and proposed F. moniliforme should be 
renamed F. verticillioides Nirenberg, and that the teleomorph be named Gibberella 
moniliformis Wineland (Leslie & Summerell, 2006). In 1983, Nelson et al. recognised 
four taxa within the Section Liseola, including F. moniliforme, F. proliferatum, F. 
subglutinans, and F. anthophilum. Fusarium proliferatum was identified as another 
microconidial chain-producing species that also had polyphialidic conidiogenous 
cells, whilst F. anthophilum was recognised for producing napiform-shaped 
microconidia, and F. moniliforme var. subglutinans was renamed as F. subglutinans 
(Leslie & Summerell, 2006). Two major groups have been recognised for F. 
subglutinans, called group 1 and group 2, with group 1 now described as a separate 
species, F. temperatum (Fumero et al., 2015, Scauflaire et al., 2011). According to 
Leslie and Summerell (2006), in the last 20 years at least four additional chain-
forming species have been described within the Section Liseola, including F. 
globosum, F. thapsinum, F. nisikadoi, and F. miscanthi, as well as some species that 
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do not form chains (Leslie & Summerell, 2006, Rheeder et al., 1996, Klittich et al., 
1997, Nirenberg & Aoki, 1997, Gams et al., 1999).  
 
The biological species concept has also been applied to the Section Liseola and has 
resulted in the grouping of some species in the Gibberella fujikuroi species complex 
(Leslie & Summerell, 2006). In 1977 the first three mating populations in the Section 
Liseola were described and a fourth was later added in 1982 (Leslie & Summerell, 
2006, Hseih et al., 1977, Kuhlman, 1982). Kathariou (1981) re-evaluated the species 
complex and renamed the four mating populations as a variety of G. fujikuroi (Leslie 
& Summerell, 2006). In 1992 F. thapsinum was recognised as a mating population 
within F. moniliforme sensu lato (Klittich & Leslie, 1992), and was later defined as a 
separate species based on morphological, physiological, cytological and molecular 
markers (Leslie & Summerell, 2006). Sexual cross-fertility tests have identified at 
least nine mating populations within the G. fujikuroi species complex (Leslie & 
Marasas, 2002, Claflin & Giorda, 2002, Martin et al., 2011). 
 
Two new species were found in Australia and Africa during surveys on sorghum in 
the 1980s, including F. nygamai and F. napiforme (Marasas et al., 1987, Burgess & 
Trimboli, 1986). Both species, along with F. dlamini,  morphologically resemble those 
in Section Liseola, however they were classified as belonging within Section Dlaminia 
due to the production of chlamydospores (Leslie & Summerell, 2006). Sections 
Liseola and Elegans have since been combined and are often referred to as the 
“Gibberella fujikuroi species complex” (Leslie & Summerell, 2006). DNA sequence 
data indicates that species within the Section Liseola descended from a common 
ancestor, and that the three species allocated to Section Dlaminia, F. nygamai, F. 
napiforme and F. dlamini, are closely related to those within Section Liseola 
(O'Donnell et al., 1998, O'Donnell et al., 2000).  
 
In recent years, sequencing of genes within the G. fujikuroi species complex to 
construct phylogenetic maps and AFLPs have contributed to the separation of strains 
that were previously described as new species, and grouping of similar cultures 
(Nirenberg & O'Donnell, 1998, Marasas et al., 2001, Leslie & Marasas, 2002). The G. 
fujikuroi species complex is now referred to as the F. fujikuroi species complex (Aoki 
et al., 2014). The F. fujikuroi species complex consists of at least 50 phylogenetically 
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distinct species, including three biogeographically structured clades, and ten new 
species described by Nirenberg and O’Donnell (1998), an additional two new species 
described by Nirenberg et al. (1998), and more recently F. andiyazi, F. konzum, F. 
mangiferae, and F. sterilihyposum (Leslie & Summerell, 2006, Zeller et al., 2003, 
Marasas et al., 2001, Nirenberg & O'Donnell, 1998, Nirenberg et al., 1998, O'Donnell 
et al., 2000, O'Donnell et al., 1998, Aoki et al., 2014).  
 
The species name, F. moniliforme, is no longer used and has been retired for 
conformity with the International Code for Botanical Nomenclature, and has since 
been segregated into more than 25 species (Leslie & Marasas, 2002, Leslie, 1995, 
Klittich et al., 1997, Claflin & Giorda, 2002, Leslie, 2005). The teleomorph, G. 
fujikuroi, contains at least thirteen different mating populations, or biological species, 
as shown in Table 1 (Claflin & Giorda, 2002, Aoki et al., 2014, Martin et al., 2011). 
Recent research by Aoki et al. (2014) suggests that the referral of these G. fujikuroi 
mating types A-L should be abandoned as only F. fujikuroi is conspecific with its 
teleomorph.  
 
Table 1. Biological species within the Fusarium fujikuroi species complex (Leslie, 
2005, Aoki et al., 2014) 
 
Mating 
population 
Fusarium 
anamorph 
Gibberella 
teleomorph 
Reference 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
verticillioides 
sacchari 
fujikuroi 
proliferatum 
subglutinans 
thapsinum 
nygamai 
circinatum 
konzum 
xylarioides 
temperatum 
tupiense 
moniliformis 
sacchari 
fujikuroi 
intermedia 
subglutinans 
thapsina 
nygamai 
circinata 
konza 
xylarioides 
temperata 
- 
(Kuhlman, 1982) 
(Leslie et al., 2005a) 
(Kuhlman, 1982) 
(Kuhlman, 1982) 
(Booth, 1971) 
(Klittich et al., 1997) 
(Klaasen & Nelson, 1996) 
(Nirenberg & O'Donnell, 1998) 
(Zeller et al., 2003) 
(Booth, 1971) 
(Scauflaire et al., 2011) 
(Lima et al., 2012) 
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A number of Fusarium species, formerly recognised as F. moniliforme sensu lato 
have been associated with sorghum stalk rot (Klittich & Leslie, 1992, Leslie, 1991, 
Leslie, 1995, Tesso et al., 2010). According to Leslie and Marasas (2002) earlier 
reports of F. moniliforme sensu lato associated with sorghum most probably refer to 
either F. thapsinum, F. nygamai, F. proliferatum, F. andiyazi and possibly F. 
verticillioides (Leslie & Marasas, 2002). Later research has suggested previous 
literature referring to F. moniliforme sensu lato associated with sorghum or millet 
likely refers to either F. thapsinum, F. andiyazi, or F. pseudonygamai, and not F. 
verticillioides (Leslie et al., 2005b).  
 
Other species of Fusarium reported to colonise sorghum tissues include F. acacia-
mearnsii, F. boothi, F. chlamydosporum, F. compactum, F. cortaderiae, F. culmorum, 
F. dimerum, F. equiseti, F. graminearum, F. meridionale, F. oxysporum, F. 
pseudograminearum, F. sacchari, F. sambucinum, F. scirpi, F. semitectum 
(synonymous with F. incarnatum and F. pallidoroseum), F. solani, and F. tricinctum 
(Claflin, 1986, Trimboli & Burgess, 1985, Shivas, 1989, Zummo, 1984, Petrovic et al., 
2009, HyoWon et al., 2013, Petrovic et al., 2013, Quazi et al., 2009, Leslie & 
Summerell, 2006). Recent advances in taxonomy have seen most of these species 
segregated within species complexes. Fusarium equiseti, F. scirpi, and F. 
semitectum are today considered to belong within the F. incarnatum – equiseti 
species complex (FIESC), which is comprised of 30 phylogenetically distinct species 
grouped into two clades (O'Donnell et al., 2009a). Fusarium chlamydosporum, F. 
dimerum, F. oxysporum, F. solani, and F. tricinctum now belong to separate species 
complexes (O'Donnell et al., 2012). Fusarium acacia-mearnsii, F. boothii, F. 
compactum, F. cortaderiae, F. culmorum, F. graminearum, F. meridionale, F. 
pseudograminearum, and F. sambucinum are now considered to reside within the F. 
sambucinum species complex (sometimes referred to as the F. graminearum species 
complex), and are associated with a number of diseases in wheat and maize 
(O'Donnell et al., 2012, Landschoot et al., 2013, Mavhunga, 2013, Lamprecht et al., 
2011). Fusarium sacchari is recognised as a member of the F. fujikuroi species 
complex, and has been associated with diseases in sugarcane and maize (Petrovic 
et al., 2013).  
 
40 
 
Further research is warranted to determine precisely which Fusarium species are 
associated with sorghum diseases in the major sorghum-producing regions of 
Australia.  
 
 
2.5.2 Host range of Fusarium moniliforme sensu lato 
 
In addition to maize and sorghum, Booth (1971) proposed that F. moniliforme sensu 
lato also colonises rice, sugarcane, is a pathogen of several members of the grass 
family Poaceae, and occurs on at least 31 other families of plants (Leslie et al., 
2005b, Zummo, 1984). Bacon et al. (1996) later proposed more than 11, 000 plant 
species could serve as a host for F. moniliforme sensu lato (Leslie et al., 2005b).  
 
Fusarium proliferatum is thought to colonise a range of hosts, including asparagus, 
banana, maize, mango, millet, onion, palm, pine, rice, soybean, sorghum, tobacco 
and wheat (Leslie, 2005, Diaz Arias et al., 2013, Moncrief et al., 2016). Fusarium 
nygamai has been associated with sorghum, cotton, maize, rice, Striga hermonthica, 
and native grasses (Leslie & Summerell, 2006, Capasso et al., 1996). Fusarium 
verticillioides and F. subglutinans are reported to colonise maize and sorghum (Leslie 
& Summerell, 2006, Yu et al., 2017). Fusarium temperatum is reported as a 
pathogen of maize (Scauflaire et al., 2011). Both F. thapsinum and F. andiyazi are 
pathogens of sorghum, although F. thapsinum is also thought to colonise banana, 
figs, maize, peanut and field soil (Leslie & Summerell, 2006, Klittich et al., 1997).  
 
A  survey on indigenous Sorghum species in Australia recovered the species F. 
thapsinum, F. andiyazi, F. proliferatum, F. verticillioides and F. sacchari, and the 
pathogenicity of F. thapsinum on the indigenous grasses was confirmed (Walsh, 
2007).  
 
Future research should address this lack of understanding of the host range of the 
Fusarium species associated with sorghum in eastern Australia, and should 
investigate the potential weedy hosts that may allow these fungi to survive between 
cropping seasons in sorghum paddocks across Australia.  
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2.5.3 Fusarium species associated with sorghum in Australia 
 
Fusarium moniliforme sensu lato has been recorded as a pathogen associated with 
seed rots, seedling blights, pokkah boeng, grain mould, head blight, and root and 
stalk rots of various crops, including sorghum (Claflin, 1986, Zummo, 1980, Zummo, 
1984). The most common Fusarium species reported on sorghum in Australia has 
been F. moniliforme sensu lato, and since its identification in 1931 the species has 
been identified as the primary cause of root and stalk rot of grain sorghum in coastal 
areas of New South Wales and Kununurra in Western Australia, and has regularly 
been reported as a significant pathogen of sorghum in New South Wales and 
Queensland (Ryley et al., 2002, Henzell et al., 1984, Burgess et al., 1981, Trimboli & 
Burgess, 1982, Trimboli & Burgess, 1985, Petrovic et al., 2009).  
 
During surveys in Western Australia and Victoria in the 1980s, F. subglutinans was 
reported as the second most frequently isolated species from sorghum, and was 
recognised as a pathogen causing sorghum stalk rot (Shivas, 1989, Woodcock, 
1983). Fusarium graminearum (teleomorph Gibberella zeae) was reported as a 
causal agent for stalk rot in broom millet (S. vulgare var. technicum) in Western 
Australia and has been associated with stalk rot in sorghum in New South Wales 
(Trimboli & Burgess, 1985). In contrast, Burgess et al. (2001) reported sorghum as 
only an asymptomatic host of F. graminearum (Quazi et al., 2009, Burgess et al., 
2001).  
 
Several Fusarium species within the chlamydosporum, dimerum, incarnatum - 
equiseti, oxysporum, sambucinum, and solani species complexes have also been 
associated with sorghum (Claflin, 1986, Petrovic et al., 2013, Petrovic et al., 2009, 
Trimboli & Burgess, 1985, Shivas, 1989, Zummo, 1984, HyoWon et al., 2013). 
According to Leslie et al. (2005) strains from seven of the known mating populations 
in the G. fujikuroi species complex have been recovered from sorghum, although the 
F mating population, F. thapsinum, usually dominates (Leslie et al., 2005b, Klittich et 
al., 1997, Leslie, 1995, Mansuetus et al., 1997).  
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A recent study on a few selected paddocks in New South Wales by Petrovic et al. 
(2009) detected a total of 14 Fusarium species associated with sorghum stalk rot, as 
listed in Table 2 (Petrovic et al., 2009). Fusarium thapsinum and F. andiyazi were the 
two dominant species in the study and the results suggest that their dominance and 
relative abundance was associated with agroclimatic areas (Petrovic et al., 2009). 
Fusarium andiyazi was more frequently isolated from the Quirindi area, and F. 
thapsinum was more dominant in the Goondiwindi area, perhaps indicating that 
cooler, wet weather favours F. andiyazi; whereas hotter, dry areas favour infection 
from F. thapsinum (Petrovic et al., 2009). The remaining Fusarium species isolated in 
the study were only recovered at low frequencies (Petrovic et al., 2009).  
 
Table 2. Isolated Fusarium species from sorghum stalks from the Goondiwindi and 
Quirindi areas by Petrovic et al. (2009)  
Fusarium species Frequency isolated (%)A 
Goondiwindi region Quirindi region 
F. thapsinum 
F. andiyazi 
F. chlamydosporum 
F. compactum 
F. nygamai 
F. equiseti 
F. proliferatum 
F. verticillioides 
F. oxysporum 
F. solani 
F. subglutinans 
F. graminearum (G. zeae) 
F. scirpi 
F. semitectum 
37.9 
23.6 
13.7 
10.3 
9.3 
2.8 
0.6 
0.6 
0.6 
0.6 
- 
- 
- 
- 
28.9 
53.5 
- 
0.7 
- 
1.4 
7.1 
1.4 
- 
- 
2.1 
2.1 
1.4 
1.4 
ADash indicates absence of Fusarium species 
 
Although the pathogen F. thapsinum has a sexual stage, G. thapsina, perithecia have 
not yet been found in field conditions, and the relatively low female fertility of many F. 
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thapsinum strains suggests that sexual reproduction in field conditions may be rare 
(Klittich et al., 1997, Desjardins, 2003).  
 
For future disease management, it is vital that further research is undertaken to 
determine which Fusarium species are associated with grain sorghum in the major 
sorghum-producing regions of Queensland and northern New South Wales. 
 
 
2.5.4  Fusarium stalk rot of sorghum 
 
Stalk rots of sorghum are a problem to sorghum producers worldwide (Reed et al., 
1983, Henzell et al., 1984, Jardine & Leslie, 1992, Leslie et al., 1990, Tarr, 1962, 
Zummo, 1980, Tesso et al., 2009, Bandara et al., 2017). A number of fungi are 
associated with stalk rots of sorghum, although the most important diseases are 
charcoal rot, caused by Macrophomina phaseolina, and Fusarium stalk rot, caused 
by several Fusarium species (Henzell et al., 1984, Dodman et al., 1992, Bandara et 
al., 2017).  
 
Fusarium moniliforme sensu lato has previously been reported as the predominant 
stalk rot pathogen of sorghum in temperate, highly productive growing areas 
(Tuinstra et al., 2002, Jardine & Leslie, 1992). In Australia, F. moniliforme sensu lato 
is the pathogen most commonly isolated from plants with stalk rot symptoms 
(Burgess et al., 1986, Trimboli & Burgess, 1985, Trimboli & Burgess, 1983). Several 
species of Fusarium have been associated with sorghum diseases in south-eastern 
USA, including F. moniliforme Sheldon, F. roseum, and F. semitectum (Duncan, 
1986), although more recent studies have identified F. thapsinum as the most 
common species associated with sorghum stalk rot in more temperate environments, 
such as the central Great Plains of the United States (Tuinstra et al., 2002, Marasas 
et al., 2001, Leslie & Marasas, 2002, Leslie, 1995, Klittich et al., 1997, Leslie et al., 
1990, Bandara et al., 2017). In contrast, F. proliferatum was the dominant species 
associated with sorghum in Egypt (Leslie, 2005). One study in Serbia found that F. 
graminearum causes stem and root rot (Ristić et al., 2011). 
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It is reported that the stalk rot pathogen influences photosynthesis and grain 
development by damaging the vascular bundles in the stalk and root system, 
disrupting the absorption and translocation of nutrients and water (Tesso et al., 
2010). Losses in yield may be indirect, such as the loss of quantity or quality of 
fodder and grain, or if stalk rot infection is severe, direct losses may occur through 
plant lodging (Claflin & Giorda, 2002, Pande & Karunaker, 1992, Tuinstra et al., 
2002, Waniska et al., 2001, Tesso et al., 2010). Losses in yield attributable to 
Fusarium stalk rot vary between seasons and regions, however losses in grain yield 
are estimated to be 4% annually in Kansas, USA, but may reach 60% in some areas 
with the incidence of disease as high as 100% in individual crops (Jardine & Leslie, 
1992, Tuinstra et al., 2002, Pande & Karunaker, 1992). A study by Bandara et al. 
(2017) concluded that sorghum seed weights were reduced by 52% when inoculated 
prior to panicle initiation in the glasshouse with isolates of F. thapsinum, F. andiyazi, 
F. proliferatum, and Macrophomina phaseolina.  
 
 
2.5.4.1 Symptoms of Fusarium stalk rot 
 
Symptoms of Fusarium stalk rot may range from subtle lesions on leaves to lodged 
plants, but typically include lesions on roots, seed, stalks and peduncles that may be 
light to dark red or purple in colour, occurring on both the interior and exterior tissues 
(Claflin & Giorda, 2002, Claflin, 2000, Walsh, 2007, Tuinstra et al., 2002, Frederiksen 
& Odvody, 2000, Bandara et al., 2017). Early symptoms may only be apparent as 
discolouration of the root tissue in seedlings, however as plants mature the 
internodes at the base of the plant may become infected and the internal pith tissue 
may be pink or reddish in colour (Claflin & Giorda, 2002). Lodging of plants typically 
occurs after anthesis, occurring at any point on the stalk from the soil level to the 
peduncle (Claflin & Giorda, 2002). Charcoal rot, caused by M. phaseolina, and 
Fusarium stalk rot often occur together in the same plant (Burgess et al., 1986). 
 
 
2.5.4.2 Relationship between Fusarium stalk rot and plant stress 
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Symptoms of stalk rot in sorghum are often most severe when the plants endure 
stressful environmental conditions (Claflin & Giorda, 2002, Zummo, 1980, Tuinstra et 
al., 2002, Bramel-Cox et al., 1988, Jordan et al., 1984, Trimboli & Burgess, 1983, 
Kapanigowda et al., 2013). Jordan et al. (1984) reported that host resistance to the 
pathogens causing stalk rot is most effective at temperatures near or slightly below 
those for optimum plant growth, and increases in temperature result in a reduction in 
relative host resistance. The environmental conditions that favour Fusarium stalk rot 
are not well understood, however it has been reported that the disease is more 
severe in later growth stages when cool, wet conditions follow hot, dry weather 
(Zummo, 1980, Tuinstra et al., 2002, Claflin, 1986, Tesso et al., 2005, Pande & 
Karunaker, 1992, Zummo, 1984, Kapanigowda et al., 2013, Tesso et al., 2012). A 
study by Kapanigowda et al. (2013) found that the severity of stalk rot caused by 
Fusarium species and M. phaseolina was higher under irrigated conditions. Duncan 
(1986) proposed that diseases caused by Fusarium species are favoured by 
alternating wet and dry conditions, with occasional low temperatures. Almost all 
sorghum in Australia is grown under dryland conditions in areas averaging 500-700 
mm annual rainfall that often fluctuates in amount and distribution (Henzell et al., 
1984, Burgess et al., 1986, Petrovic et al., 2009). As a result, plants often suffer 
moisture deficit and lodging is a significant problem to sorghum production, 
particularly in Central Queensland (Henzell et al., 1984, Singh et al., 2017, Dixon, 
2013).  
 
Pathogens causing root and stalk rot diseases are thought to obstruct the water flow 
through plant tissues in one of at least four ways (Jordan et al., 1984, Bandara et al., 
2017, Zummo, 1984):  
1. If roots are colonised, lesions may develop in cortical tissues, disrupting the 
root-soil contact 
2. If the pathogen produces toxins, they may disrupt the permeability of root 
tissues to water, and perhaps impact stomates 
3. The root may become clogged with fungal mycelia or tyloses 
4. Loss or deterioration of roots resulting in reduced transport and uptake of 
water 
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It has been proposed that the occurrence of stalk rots is associated with the natural 
senescence of plant tissue, and the lack of non-structural carbohydrates in the 
senescing tissue (Dodd, 1980, Funnell-Harris et al., 2016, Tesso et al., 2012). To 
support this proposal, Dodd (1980) found that senescing tissue in maize produced 
less DIMBOA, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one, a naturally occurring 
metabolite that acts as a defence mechanism to microorganisms (Dodd, 1980). One 
theory to explain this interaction has been described as the photosynthetic stress-
translocation balance concept, which states that senescence of root tissue begins 
due to an insufficient carbohydrate supply for normal metabolic function (Dodd, 1980, 
Dodd, 1977). The senescing cells are unable to produce normal resistance 
metabolites, and as a result are colonised by weak pathogens. As the root tissue 
degrades, less water is taken up by the plant, and eventually reaches the point of 
permanent wilting, resulting in death. Microorganisms then invade the plant tissue 
and digest any remaining stalk structure, which eventually results in lodging. 
According to this theory, factors affecting the carbohydrate supply, such as the rate 
of photosynthesis, will influence the plants susceptibility to root and stalk rots (Dodd, 
1980, Dodd, 1977). Various stresses will influence the rate and amount of 
photosynthesis, and translocation to the roots is greatly influenced by supply and 
competition with grain (Dodd, 1980).  
 
There is limited information on the relative importance of natural host senescence on 
fungal invasion and development of stalk rot (Burgess et al., 1986).  
 
 
2.5.4.3 Fusarium stalk rot and lodging 
 
The term ‘lodging’ refers to the bending or breaking of any point along the stalk, in 
such a way that it disrupts the normal harvest procedures and causes losses in grain 
(Rosenow, 1980). Stalk-rotting fungi are commonly associated with lodged plants, 
however lodging may occur without the presence of plant pathogens (Henzell et al., 
1984, Funnell-Harris et al., 2016). The causes of death and lodging are not entirely 
understood, but three hypotheses have been put forward: (1) the plants die as a 
result of water deficit, (2) plants die as a result of the pathogen, and (3) death is due 
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to an interaction between physiological stress and plant pathogens (Henzell et al., 
1984).  
 
In Australia there have been few studies undertaken to investigate the causes of 
lodging and its association with stalk rots (Henzell et al., 1984). The frequency of 
lodging with and without stalk rot and that of stalk rot with and without lodging has not 
been defined (Henzell et al., 1984).  
 
 
2.5.4.4 Source of pathogen inoculum, spread and infection 
 
Infection by F. moniliforme sensu lato can occur at any time of plant growth, although 
roots are usually colonised prior to stalks (Burgess et al., 1986, Tesso et al., 2012). 
The cortical tissues of the roots are reported to be colonised initially, then the 
vascular tissues (Tuinstra et al., 2002). The pathogen enters roots and stalks through 
natural openings or wounds in the root system resulting from mechanical, insect, or 
other types of injury (Claflin & Giorda, 2002, Waniska et al., 2001, Claflin, 1986).  
 
Partridge et al. (1984) found that although F. moniliforme sensu lato is thought to 
enter the roots of seedlings prior to causing a stalk rot, it is not a primary coloniser of 
seedlings, and that F. graminearum, F. equiseti, and Alternaria spp. are perhaps 
more important in the early colonisation of seedlings (Partridge et al., 1984). Reed et 
al. (1983) demonstrated that F. moniliforme sensu lato was often present in the stalk 
and root tissues of symptomless plants, and was the predominant species isolated 
from stalks, and was more frequently isolated following anthesis (Burgess et al., 
1986, Foley, 1962, Partridge et al., 1984). 
 
A study on F. moniliforme sensu lato on maize found that the fungus could be 
isolated from asymptomatic stalks, leaf sheaths, axillary buds, kernels, and roots 
(Foley, 1962). The study indicated that the nodes became colonised earlier than the 
internodal tissues, and that the infection of nodes was possible without invasion of 
internodal tissue (Foley, 1962). It was proposed that rapid elongation of the stem by 
intercalary meristem activity may result in the colonisation of nodal tissues but not the 
intermodal tissues (Foley, 1962). Foley (1962) also proposed that the fungus may 
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invade the nodal tissue through the leaf sheath attachment as the leaf sheaths 
become infected early in plant growth. Leslie (2005) also observed that Fusarium 
species associated with sorghum often persisted as endophytes until later in the 
growing season, when they then acted as pathogens.  
 
Fusarium moniliforme sensu lato is reported to be spread by wind, rain, machinery 
and insects (Waniska et al., 2001). Claflin (1986) reported that the species is seed-
borne, and that air-borne and soil-borne inoculum are likely important in its life cycle 
(Burgess et al., 1986, Reed et al., 1983). The primary inoculum of F. moniliforme 
sensu lato is thought to be conidia and mycelia that survive between seasons in crop 
debris and in weedy hosts (Claflin & Giorda, 2002, Tuinstra et al., 2002, Claflin, 2000, 
Claflin, 1986, Tesso et al., 2012). A study in Kansas, USA found that the fungal 
propagules could not survive more than three months in the winter in the absence of 
plant debris, however they could survive for longer periods during the more mild 
winters in Argentina (Claflin & Giorda, 2002, Claflin, 1986). There was also no loss in 
viability of spores when they were present in host tissue at -16 ºC for six months, and 
spore suspensions stored in 15% glycerol at -70 ºC for ten years (Claflin & Giorda, 
2002, Manzo & Claflin, 1984, Claflin, 1986).  
 
The Fusarium stalk rot pathogen is reported to persist for up to 900 days in crop 
residues on the soil surface or incorporated into the soil when exposed to 35% 
relative humidity at 5º and 15ºC (Liddell & Burgess, 1985). According to Zummo 
(1984), ascospores of G. fujikuroi may be produced on plant residues that remain in 
the soil at any time during the growing season. The pathogen is not thought to 
survive between seasons as chlamydospores (Claflin & Giorda, 2002, Claflin, 1986).  
 
A study on the wind and rain dispersal of F. moniliforme sensu lato in maize fields 
found that spores of the fungus were found at a higher abundance when the crop 
was maturing and was more susceptible (Ooka & Kommedahl, 1977). The study 
reported that F. moniliforme sensu lato made up 83% of the Fusarium species 
detected (Ooka & Kommedahl, 1977). Approximately 95% of Fusarium species 
detected were from air-borne conidia from maize ears and were identified as F. 
moniliforme sensu lato (Ooka & Kommedahl, 1977). In the study it was estimated 
that the Fusarium species found in windblown soil had travelled 300-400 km (Ooka & 
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Kommedahl, 1977). The study also found that rain splashed and dispersed fungal 
propagules from plant to plant, and washed them from leaves into sheaths (Ooka & 
Kommedahl, 1977). It could be proposed that the pathogen may have similar habits 
in sorghum crops. 
 
A study by Sumner (1967) on diseased maize plants found that F. moniliforme sensu 
lato could be recovered from more than 50% of surface-sterilised kernels. Using a 
plating method, the study proved that plants grown in the greenhouse from infected 
kernels contained more fungi associated with stalk rots than plants grown from 
uninfected kernels, however there were no differences in plants grown in the field 
(Sumner, 1967). It is possible that F. moniliforme sensu lato could persist in infected 
sorghum grain at a similar rate. 
 
In Australia, sorghum is the major dryland summer crop with more than 90% of its 
crop produced between latitudes 22–32º south (Potgieter et al., 2005). During the 
growing season, average maximum temperatures often exceed 35ºC across eastern 
Australia, often accompanied with drought stress (Singh et al., 2017). Minimum 
temperatures endured during winter range from below 5ºC in New South Wales to 
approximately 9ºC in central Queensland (Bureau of Meterology, 2016). Australia 
often experiences extremes in climate that are different from that elsewhere in the 
world and further research needs to be undertaken to investigate the survival of the 
pathogens between cropping seasons, their avenues of infection, and their 
mechanisms of spreading inoculum in the Australian climate.  
 
 
2.5.4.5 Mycotoxin production in Fusarium species associated 
with sorghum 
 
Mycotoxins are toxic fungal secondary metabolites that can be harmful to both 
humans and domesticated animals (Leslie et al., 2005b, Ediage et al., 2015). The 
role that these toxins play in plant diseases is not clear, although there is some 
evidence to suggest that mycotoxins are produced by pathogens to combat plant 
defence mechanisms and enable colonisation (Quazi et al., 2009).  
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Over 400 mycotoxins are recognised today (Ediage et al., 2015). The trichothecene 
deoxynivalenol (DON) is considered the most prevalent Fusarium mycotoxin 
worldwide (Landschoot et al., 2013, Pestka, 2007). Not all species produce 
mycotoxins, however the most important mycotoxins produced by the Fusarium 
species associated with sorghum include the fumonisins and moniliformin (Leslie et 
al., 2005b, Silva et al., 2017). There have been no significant human health problems 
associated with the production of moniliformin, although it is toxic to animals such as 
ducklings, rats, mice, chickens and pigs (Leslie et al., 2005b). Fumonisins can cause 
leukoencephalomalacia in horses, pulmonary edema in pigs, and possibly 
esophageal cancer in humans (Silva et al., 2017). 
 
The two Fusarium species most commonly associated with sorghum, F. thapsinum 
and F. andiyazi, produce little mycotoxins of concern (Leslie, 2005). Fusarium 
thapsinum produces high levels of moniliformin but no fumonisins, whilst F. andiyazi 
is reported to produce only trace amounts of either toxin (Leslie et al., 2005b). 
Fumonisin production has been detected in five species within the F. fujikuroi species 
complex, including F. fujikuroi, F. globosum, F. nygamai, F. proliferatum and F. 
verticillioides (Aoki et al., 2014, Silva et al., 2017). According to Silva et al. (2017), 
the main Fusarium species responsible for the production of fumonisins are F. 
verticillioides and F. proliferatum. The production of fusaric acid and other alkyl-
pyridinecarboxylic acids has also been found in F. verticillioides, F. proliferatum, F. 
oxysporum, F. subglutinans, F. solani, F. heterosporum, F. sambucinum, F. nygamai, 
F. fujikuroi, F. crookweilense, F. napiforme, F. lateritium, F. semitectum, and F. 
thapsinum (Porter et al., 2002). Fusarium thapsinum is reported to produce various 
forms of fusaric acid, with 10-OHFA as the major compound (Porter et al., 2002). 
Fusarium subglutinans is reported to produce moniliformin, fusaproliferin and 
beauvericin, whilst F. temperatum produces moniliformin, beauvericin, enniatins, and 
fumonisin B1 (Fumero et al., 2015). 
 
A study by Ediage et al. (2015) found that nine out of ten samples of sorghum seed 
found traces of the mycotoxins: aflatoxin B1, alternariul monomether ether, alternariol, 
diacetoxyscirpenol, fumonisin B1, fumonisin B2, T2, and zearalenone. A separate 
study on infected sorghum grain confirmed that zearalenone was produced by F. 
incarnatum (Lahouar et al., 2017).  
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A study by Landschoot et al. (2013) found that the resulting DON content of a wheat 
crop was significantly increased when rotated with maize. The authors concluded 
that a crop rotation with a non-host crop, combined with tillage and a moderately 
resistant wheat variety significantly reduces the incidence of Fusarium head blight 
and the resulting mycotoxin contamination (Landschoot et al., 2013). 
 
Future research should further examine the precise role that these toxins play in the 
host-pathogen relationship. 
 
 
2.5.4.6 Current techniques used to assess pathogenicity and 
aggressiveness of the different Fusarium species associated with 
grain sorghum 
 
Pathogenicity tests are used to confirm that an organism is responsible for causing a 
particular disease. Typically glasshouse and field trials have been used to test the 
pathogenicity and screen genotypes for resistance to the stalk-rotting pathogens of 
sorghum, however some seedling assays have been developed. One seedling test, 
developed in 2005 by Leslie et al., involved growing seedlings in test tubes 
containing Hoagland’s no. 2 medium, and then inoculating them at a later date with 
0.5 mL of a spore suspension containing 1 x 106 spores mL-1 from a Fusarium isolate 
(Leslie et al., 2005a). Seedling roots were then visually assessed for disease severity 
thirty days after inoculation (Leslie et al., 2005a). Leslie et al. (2005) confirmed that 
all five species: F. thapsinum, F. andiyazi, F. verticillioides, F. nygamai, and F. 
pseudonygamai were pathogenic on sorghum (Leslie et al., 2005b). The study 
proved that F. andiyazi was significantly more virulent on seedlings than F. 
verticillioides, F. nygamai, and F. pseudonygamai, however it was significantly less 
pathogenic than F. thapsinum in regards to disease severity, root and shoot lengths, 
and root dry mass (Leslie et al., 2005b). Findings from a seedling assay developed 
by Leslie et al. (2005) suggest that the species associated with Fusarium stalk rot 
rank in order of disease aggressiveness as F. thapsinum being the most aggressive, 
followed by F. andiyazi, then F. verticillioides, and F. nygamai and F. pseudonygamai 
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being the least and equally aggressive (Leslie & Marasas, 2002, Leslie et al., 2005b). 
In contrast to the results of the seedling assay, Jardine and Leslie (1992) found that 
both F. thapsinum and F. verticillioides produced lesions of similar lengths in 
toothpick inoculations of mature maize and sorghum plants (Leslie & Marasas, 2002, 
Jardine & Leslie, 1992).  
 
A glasshouse pathogenicity test using an inoculated chaff-grain medium mixed into 
potting soil, was developed by Trimboli and Burgess (1983). To encourage 
favourable conditions for disease development, the soil moisture was manipulated to 
produce moisture deficit, and plants were grown to maturity then assessed using a 0-
10 scale for disease severity, where 0 = normal firm stalk and 10 = completely 
disintegrated pith tissue (Trimboli & Burgess, 1983).  
 
Both glasshouse and field trials have been carried out to test pathogenicity and 
screen genotypes for resistance using toothpick inoculation techniques (Jardine & 
Leslie, 1992, Hundekar & Anahosur, 1994). Sterile, dry toothpicks were incubated on 
potato dextrose agar then inoculated with a Fusarium isolate (Jardine & Leslie, 1992, 
Hundekar & Anahosur, 1994). In general, approximately two weeks after full 
flowering, toothpicks were inserted into the stalks of plants, either at the base or 
between the base of the inflorescence and the flag leaf (Jardine & Leslie, 1992). 
Stalks were later assessed for disease severity by measuring the length of internal 
discolouration (Jardine & Leslie, 1992, Hundekar & Anahosur, 1994).  
 
The identification of host resistance genes has been difficult due to inconsistent 
disease development in the field, and the lack of a reliable inoculation technique to 
obtain uniform infection (Tesso et al., 2009). The toothpick inoculation technique has 
been fairly reliable in producing uniform infection, although it is not possible to 
measure the inoculum dosage (Tesso et al., 2009). Tesso et al. (2009) produced an 
improved technique where plants are injected with a known dosage of liquid 
inoculum. Inoculum doses of 1 x 104 conidia mL-1 and incubation periods of 21 to 42 
days appeared to be adequate to recognise differences in disease severity between 
genotypes (Tesso et al., 2009). Using both greenhouse and field experiments, Tesso 
et al. (2010) proved that F. thapsinum was the most virulent pathogen on sorghum of 
the eight species tested. In the study, F. verticillioides was the least virulent in the 
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greenhouse but caused similar disease levels to other species in the field (Tesso et 
al., 2010).  
 
One of the biggest difficulties associated with pathogenicity tests on mature plants is 
contamination, most likely caused by numerous Fusarium species endophytically 
colonising plants (Leslie et al., 2005b). According to Leslie et al. (2005b), a seedling 
assay would be one way to avoid this problem as the seedlings are less likely to be 
colonised by endophytic fungi, although the results will need to match up with those 
found from studies with mature plants. Further research needs to be undertaken to 
develop a robust pathogenicity test for species in the F. moniliforme sensu lato 
complex that yield similar results in the field and glasshouse or laboratory.  
 
 
2.5.4.7 Management of Fusarium stalk rot 
 
The development of stalk rot can be influenced by high plant populations that 
increase competition for water and nutrient resources, planting date, limited water, 
high temperature, and an imbalance of nutrients (Tuinstra et al., 2002, Dodd, 1980, 
Seetharama et al., 1987, Tarr, 1962, Pande & Karunaker, 1992, Tesso et al., 2012). 
In recent years there have been several changes in farming practices that could have 
attributed to the increase of stalk rots, including tillage, high nitrogen fertilisation, high 
plant populations, and growing successive crops of sorghum without rotation or 
fallow (Zummo, 1980, Zummo, 1984). There have also been reports of Fusarium 
diseases in sorghum crops that were previously fallowed for some time (Leslie, 
2005). The source of these pathogens is not certain, although one possibility could 
be that they are introduced into paddocks on infected seed and farming implements, 
or perhaps they are surviving in the native grasses that are growing in fallowed 
paddocks or in those never planted (Leslie, 2005).  
 
Research from the USA suggests that the incidence of stalk rot is lower when 
sorghum is grown under eco-fallow conditions, rather than conventional tillage 
(Claflin & Giorda, 2002, Doupnik et al., 1975, Claflin, 1986, Doupnik & Boosalis, 
1980, Zummo, 1984, Doupnik, 1984). Eco-fallow refers to a 3 year minimum tillage 
54 
 
rotation system, and typically consists of a winter crop-summer crop-fallow rotation, 
for eg. wheat-sorghum-fallow (Doupnik, 1984). A study by Doupnik et al. (1975) and 
Doupnik and Boosalis (1980) showed that no-till plots have 72% less Fusarium stalk 
rot than those plots conventionally tilled (Doupnik et al., 1975, Zummo, 1984, 
Doupnik & Boosalis, 1980). The lower incidence of stalk rot in no-tillage paddocks is 
likely due to the plants experiencing less stress due to higher soil moisture and lower 
soil temperatures, and not due to the amount of inoculum present in plant residues 
(Ooka & Kommedahl, 1977).  
 
A minimum tillage system would allow some pathogen inoculum to survive between 
seasons in crop debris. Although the pathogens causing stalk rot may not always be 
present in crop residues at the end of the cropping season, inoculum may be present 
in low amounts and under ideal conditions may develop rapidly during the season on 
crop residues, leaf surfaces, or in rain water trapped in leaf sheaths, to build up its 
inoculum potential for the next season (Ooka & Kommedahl, 1977). This inoculum 
could then spread via wind or rain to panicles or leaf sheaths where the fungi may 
colonise the nodal tissues (Ooka & Kommedahl, 1977). A study by Baird et al. (2003) 
on the survival of the charcoal rot pathogen, M. phaseolina, in buried soybean 
(Glycine max L.) residues found that the pathogen could be recovered at a 
significantly greater frequency at the soil surface than when crop residues were 
buried at a depth of 7.6 or 25.4 cm, and the frequency at which it was isolated from 
buried residues reduced over time, with 91% before burial and 0.3% 14 months later. 
It could be proposed that the Fusarium stalk rot pathogens would also survive for a 
greater length of time on the soil surface than buried, although future studies need to 
investigate this further.  
 
Many diseases can be effectively managed through cultural practices and fungicide 
strategies. There has been some research to suggest the high nitrogen and low 
potassium levels increase the severity of stalk rot, and that a ratio of 1:1 nitrogen to 
potassium would be optimal to reduce stalk rot levels (Claflin & Giorda, 2002, 
Doupnik et al., 1975, Claflin, 1986). High levels of nitrogen have been associated 
with a high incidence of charcoal rot and Fusarium stalk rot (Tesso et al., 2012). The 
use of fungicides to manage stalk rot diseases in sorghum has not been widely 
reported, although there has been some research to suggest that when thiram was 
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applied as a drench (173 g/ha) shortly after flowering, there was a slight reduction in 
lodging, although the effect was not significant (Williams & Nickel, 1984, Clinton, 
1960).  
 
The development of resistant sorghum hybrids has been difficult due to the complex 
of pathogens involved and the influence of environmental stress on disease 
development (Tuinstra et al., 2002, Funnell-Harris et al., 2016). Most sources of 
resistance to the Fusarium stalk rot pathogens have been based on resistance to the 
charcoal rot pathogen. Although some reports suggest genotypes with resistance to 
the charcoal rot pathogen are also resistant to the Fusarium stalk rot pathogens 
(Bramel-Cox et al., 1988), others indicate that this may not be the case (Tuinstra et 
al., 2002, Tesso et al., 2005). One study associated resistance to Fusarium stalk rot 
and lodging, to non-senescence (stay green) and greenbug resistance (Giorda & 
Martinez, 1995). Non-senescence has been identified as the most important trait 
related to stalk rot, lodging, and resistance to drought experienced after flowering 
(Henzell et al., 1984, Borrell et al., 2014). Genotypes that express the non-senscence 
trait maintain more photosynthetically active leaves than those genotypes not 
possessing the trait when experiencing drought after flowering (Borrell et al., 2000, 
Borrell et al., 2014). 
 
Another study found that transgenic sorghum plants expressing high levels of 
chitinase, which is reported to attack the cell walls of fungi, have a lower incidence of 
stalk rot when exposed to F. thapsinum (Waniska et al., 2001). Further research is 
needed to investigate alternative methods of transferring chitanase genes into 
sorghum as the current technique often leads to a high copy number of transgenes 
(Waniska et al., 2001).  
 
There have been a number of studies into the genetic variation for resistance to the 
stalk rot pathogens. Most studies indicate that resistance to the Fusarium stalk rot 
pathogens is controlled by dominant and additive genes, and there is a significant 
general combining ability effect (Tuinstra et al., 2002, Bramel-Cox et al., 1988).  
 
Some progress has been made in identifying resistant genotypes using toothpick 
inoculation techniques (Tuinstra et al., 2002, Bramel-Cox et al., 1988, Reed et al., 
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1983). Tesso et al. (2004) identified high levels of resistance to F. proliferatum in the 
non-senescent genotype SC599 and indicated that it has a dominant mode of 
inheritance (Tuinstra et al., 2002, Bramel-Cox et al., 1988, Tesso et al., 2012). A 
more recent study suggested that the genes controlling resistance in the SC599 
genotype behaved as dominant or partially dominant, and acted in an additive 
fashion (Tesso et al., 2010). An additional four genotypes were recognised in 2005 
that displayed higher levels of resistance to F. proliferatum than the genotype SC599 
(Tesso et al., 2005). A study by Kapanigowda et al. (2013) identified a high degree of 
tolerance to both F. thapsinum and M. phaseolina in genotype IS24463. Combined 
analyses of drought and disease related traits indicated that chlorphyll content, 
chlorophyll a fluorescence, and harvest index can be used to screen genotypes for 
post-flowering drought and disease tolerance (Kapanigowda et al., 2013). 
 
Significant variation occurs between isolates in many Fusarium species, and that 
may influence their individual virulence (Tesso et al., 2010, Zeller et al., 2003). This 
variation in isolate virulency may have contributed to the slow progress made in 
breeding resistant sorghum parent lines and hybrids (Bramel-Cox et al., 1988, Tesso 
et al., 2010, Bramel-Cox & Claflin, 1989).  
 
Fusarium stalk rot is best managed using strategies that aim to minimise plant stress, 
including: providing a full soil moisture profile at planting and having adequate 
irrigation during the growing season, controlling weeds and insects, maintaining 
optimum soil fertility, avoiding high plant populations, and planting hybrids with better 
stalk strength (Claflin, 1986). In addition, lodging can be avoided minimising moisture 
stress using irrigation, particularly post-anthesis (Claflin & Giorda, 2002, Doupnik, 
1984). Planting varieties that are resistant to both abiotic and biotic stresses is 
generally the most effective approach for minimising stalk rot (Tuinstra et al., 2002).   
 
Additional research should be carried out to investigate the effect different cultural 
practices, such as tillage practices and crop rotations, have on pathogen inoculum 
levels between cropping seasons in the Australian climate. Future research should 
also target the development of a robust screening protocol to screen the current and 
future sorghum breeding germplasm for resistance to the stalk rotting pathogens in 
Australia.  
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2.6 Other diseases of sorghum associated with Fusarium species  
 
Fusarium species, in particular F. moniliforme sensu lato, has been associated with 
seedling rots and blights, pokkah boeng, grain mould, head blight, and root and stalk 
rots of various crops, including maize, millet, sudan grass, and sorghum (Claflin, 
1986, Zummo, 1980, Zummo, 1984). These diseases do not typically occur together 
on the same plant (Frederiksen et al., 1973, Tarr, 1962, Castor & Frederiksen, 1980). 
There is also no evidence to suggest that resistance to one disease is related to 
resistance to the other diseases caused by F. moniliforme sensu lato (Burgess et al., 
1986).  
 
 
2.6.1 Seedling blight 
 
Several Fusarium species have been associated with seedling blight of sorghum in 
the one to three leaf stage, typically occurring during periods of cloudy, humid 
weather, including F. moniliforme sensu lato, F. oxysporum, F. graminearum, and F. 
tricinctum (Burgess et al., 1986, Zummo, 1984, Al-Jedabi, 2009). The disease often 
occurs when seedling germination and emergence is delayed, usually as a result of 
unfavourable conditions, such as low soil temperatures, excessive soil moisture, high 
evapo-transpiration, deep planting, and poor seed-bed tilth (Burgess et al., 1986, 
Burgess et al., 1981). Symptoms initially start as small lesions on the seminal roots 
and mesocotyl, that rapidly extend into the stele and obstruct the transfer of nutrients 
to the young shoot, resulting in seedling wilt and death (Burgess et al., 1986). Plants 
often overcome the disease when conditions improve (Zummo, 1984).  
 
Future research needs to determine exactly which Fusarium species cause seedling 
blight of sorghum in eastern Australia. 
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2.6.2 Pokkah boeng 
 
Historically, pokkah boeng was considered to be caused by F. moniliforme sensu 
lato, and is thought to be present in all areas that grow sorghum and frequently 
experience high humidity (Zummo, 1980, Duncan, 1986, Zummo, 1984). The disease 
has since been attributed to F. proliferatum, and F. subglutinans, although F. 
subglutinans is the likely cause of the pokkah boeng disease (Leslie, 2005, Das et 
al., 2015, Frederiksen & Odvody, 2000).  
 
Plants with pokkah boeng have deformed or discoloured leaves near the top of the 
plant, resulting in only minor yield losses (Zummo, 1980, Zummo, 1984, Das et al., 
2015). In severe cases the leaves are unable to unfold properly and the disease can 
spread to stalks and panicles, resulting in stem rot and death (Zummo, 1980, Das et 
al., 2015). Plants affected with pokkah boeng may develop “knife-cut” symptoms, 
consisting of narrow, uniform transverse cuts in the rind which give the impression 
that the plant has been cut with a sharp knife (Frederiksen & Odvody, 2000). Often 
the stem will break off or lodge at the “knife-cut” points under physical stress, 
resulting in significant losses (Frederiksen & Odvody, 2000).  
 
It has been proposed that the pathogen grows up the external surface of the stalk 
and colonises the leaf sheaths and whorls during wet weather (Zummo, 1980, 
Zummo, 1984). Metabolites produced by the fungus then result in abnormal plant 
growth until the wet weather ends and plant growth returns to normal (Zummo, 1980, 
Zummo, 1972, Zummo, 1984).   
 
 
2.6.3 Head blight 
 
Fusarium head blight is considered to be caused by a complex of fungi, including F. 
moniliforme sensu lato, Nigrospora sphaerica, Alternaria species, and Drechslera 
species, and can be a serious issue when plants flower during extended periods of 
rain and high humidity (Zummo, 1980, Zummo & Frederiksen, 1973, Burgess et al., 
1986, Frederiksen & Odvody, 2000). Fusarium thapsinum has been reported to 
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cause head blight when the developing spike or spikelets are killed by early infection 
(Singh & Bandyopadhyay, 2000). According to Zummo (1980) sorghum plants with a 
more dense and compact panicles tend to be more susceptible to the head blight 
pathogens. The disease may result in death of several or all of the florets in seed 
heads (Zummo, 1980). Diseased panicles express a light brown discolouration on the 
external tissues and a purple to red discolouration of the internal tissues, extending 
down from the panicle into the peduncle and stalk tissues (Burgess et al., 1986). 
Lodging can occur under high disease pressure (Burgess et al., 1986). Average 
losses in yield casued by head blight in sorghum has been estimated at 11% in New 
South Wales (Burgess et al., 1986).  
 
The mechanism of penetration and infection by the fungus is not well understood, 
however it is suspected that during periods of wet weather fungal mycelia grow from 
the soil, along the external stalk surface (Zummo, 1980). Alternatively the pathogen 
may colonise the panicle via air-borne conidia (Zummo, 1980). It is thought that the 
pathogen enters the peduncle, rachis or panicle branches through wounds caused by 
cracks or insects (Zummo, 1980).  
 
For effective disease management it is vital that the Fusarium species associated 
with sorghum head blight in Australia be correctly identified. Studies should also 
investigate the mechanisms of penetration and infection of the identified pathogens. 
 
 
2.6.4 Grain mould 
 
Grain mould reduces both the quantity and quality of grain, and is particularly severe 
when wet weather occurs late in the growing season (Prom et al., 2003, Zummo, 
1980). Fungi from several genera have been associated with the grain mould 
disease, including F. andiyazi, F. graminearum, F. boothii, F. meridionale, F. acacia-
mearnsii, F. cortaderiae, F. proliferatum, F. thapsinum, F. semitectum, Alternaria 
spp., Curvularia lunata,Colletotrichum graminicola, and Phoma spp. (Prom et al., 
2003, Little & Magill, 2004, Walsh, 2007, Das et al., 2012, Mavhunga, 2013).  
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Symptoms of grain mould include small and discoloured grain, poor germination and 
vigour of infected grain, degradation of the endosperm, and seed rot (Walsh, 2007, 
Little & Magill, 2009, Das et al., 2012, Mavhunga, 2013). Mycotoxins in mouldy grain 
is also a serious health concern for both humans and livestock (Walsh, 2007, Das et 
al., 2012).  
 
Dense and compact sorghum panicles provide the ideal microclimate for fungal 
growth during wet or humid weather (Zummo, 1980). It has been suggested that the 
grain mould pathogens enter plants via the floret and developing caryopsis (Little & 
Magill, 2009). One of the most effective management strategies to avoid disease 
development is to adjust planting times to avoid rainfall during grain development 
(Zummo, 1980).  
 
It is not known which Fusarium species are associated with grain mould in eastern 
Australia, and whether these are the same species associated with the other 
Fusarium diseases of sorghum.  
 
 
 
2.7 Mungbean 
 
2.7.1 The Vigna genus and its importance worldwide 
 
Mungbean, also known as green gram, [V. radiata (L.) R. Wilczek] belongs to the 
Vigna genus, which consists of 98 species in six sub-genera (Tomooka et al., 2011). 
Mungbean (V. radiata) and black gram [V. mungo (L.) Hepper] both belong to the 
Fabaceae Family, under the section and sub-genus Ceratotropi (Tomooka et al., 
2011). Mungbean is split into three subgroups, consisting of two wild types (V. 
radiata subsp. sublobata and V. radiata subsp. glabra), and one cultivated (V. radiata 
subsp. radiata) (Heuzé et al., 2015). The Vigna genus is closely related to the 
Cajanus, Glycine, and Phaseolus genera and was previously classified as Phaseolus 
until 1970 (Tomooka et al., 2011). 
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Recent studies suggest that the Vigna genus first evolved in Africa, although it was 
previously thought to be of Indian origin (Tomooka et al., 2011, Lawn, 1978). The 
genus is now widespread thoughout the tropics and is found from sea level up to an 
altitude of 1850m in the Himalayas (Heuzé et al., 2015). Mungbean is largely 
produced in Asia, with India being the largest producer (Heuzé et al., 2015, Fery, 
2002). Other producers include the United States of America, and Australia (Fery, 
2002).  
 
A number of species within the Vigna genus are considered to be economically 
important in many developing countries, including mungbean, black gram, and 
cowpea [V. unguiculata (L.) Walp.], which are dietary staples for millions of people 
(Fery, 2002, Tomooka et al., 2011). Many species within the Vigna genus are also 
considered to be highly valuable as forage, cover, or green manure crops throughout 
the world. Mungbean is particularly important as a major edible legume across Asia, 
where the mature seeds provide an invaluable source of protein in regions where 
people are mostly vegetarian and where there is a shortage of meat (Heuzé et al., 
2015). Mungbean can be eaten whole or made into flour, soups, porridge, snacks, 
bread, noodles and ice cream (Heuzé et al., 2015). Split seeds can also be used to 
make dahl, immature pods and leaves may be eaten, and mungbean sprouts are 
also eaten throughout the world (Heuzé et al., 2015).  
 
 
2.7.2 The Importance of mungbean in Australia 
 
Mungbean has been grown commercially in Australia for several decades, although 
until the 1970s total growth only covered 1000 ha (Lawn, 1978). The annual 
production of mungbean and black gram in Australia varies from year to year, largely 
due to fluctuations in rainfall. Mungbean production in Australia can vary from 30000 
to 60000 tonnes per year, with approximately 95% exported to overseas markets 
(DEEDI, 2010).  
 
In Australia, mungbean can be grown as a spring crop planted in September or 
October, or as a summer crop planted from December or January (Australian 
Mungbean Association 2009). Many growers find mungbean an ideal summer crop 
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alternative. Typically the crop only takes 70-80 days to reach maturity, has a low 
fertiliser requirement, fixes nitrogen into the soil, and is one of the most water 
efficient summer crops available in Australia (Australian Mungbean Association 
2009).   
 
 
2.7.3  Fusarium wilt of mungbean 
 
Anecdotal evidence by researchers, growers and agronomists suggest that Fusarium 
wilt on mungbean has increased in incidence and severity in eastern Australia in 
recent years. The disease is most evident on the edges or in the low-lying areas of 
the crop. Anecodotal evidence has suggested that yield losses attributable to 
Fusarium wilt have been higher than 80% in severely affected crops. Similar yield 
losses have been associated with Fusarium wilt in other crops, such as common 
bean (Phaseolus vulgaris L.), which has been reported to lose up to 70% yield in 
some areas of Iran due to Fusarium species (Saremi et al., 2011). Similarly, root rot 
of faba bean (V. faba), caused by F. solani, causes an average yield loss of 45%, but 
can cause total loss in severe cases (Belete et al., 2013).  
 
 
2.7.3.1  Fusarium species associated with Fusarium wilt 
 
Little is known of the Fusarium species colonising mungbean in Australia. Outside of 
Australia, species in both the F. oxysporum and F. solani species complexes have 
been recorded on mungbean. Fusarium cuneirostrum and F. phaseoli are known to 
cause Fusarium wilt on mungbean and common bean (P. vulgaris) in Canada, 
Japan, and the USA (Aoki & O'Donnell, 2005, Aoki et al., 2003, Aoki et al., 2012a, 
Henriquez et al., 2014, O'Donnell et al., 2010). The following species have been 
reported to cause wilting symptoms on mungbean outside of Australia; F. solani f.sp. 
phaseoli (Schuerger & Mitchell, 1992, Schuerger, 1991), F. oxysporum (Haseeb et 
al., 2005), F. solani f. sp. adzukicola (F. azukicola) (Aoki et al., 2012a), F. 
crassistipitatum, F. virguliforme, F. tucumaniae, and F. brasiliense (Aoki et al., 
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2012a). Table 3 details the Fusarium species reported as pathogenic on mungbean 
and other crops closely related to mungbean outside of Australia. 
 
Table 3. Fusarium species known to be pathogenic on various legumes  
Fusarium species  Host Reference 
F. oxysporum  mungbean (V. radiata), 
black gram (V. mungo), 
soybean (G. max) 
(Sharma et al., 2005b, 
Anderson, 1985, Haseeb 
et al., 2005, Sharma et al., 
2005a, Diaz Arias et al., 
2013) 
F. oxysporum f. sp. 
phaseoli 
common bean (P. 
vulgaris), cowpea (V. 
unguiculata) 
(Veira et al., 2010, 
Brayford, 1997, Dhingra & 
Netto, 2001) 
F. oxysporum f. sp. 
tracheiphilum 
V. unguiculata (Pottorff et al., 2012, 
Harris & Ferris, 1991, 
Ogaraku, 2008) 
F. oxysporum f. sp. 
Adzukicola 
 
adzuki bean (V. angularis) (Kondo & Tomooka, 2012) 
F. solani faba bean (V. faba) (Belete et al., 2013) 
F. solani f. sp. adzukicola 
(F. azukicola) 
V. radiata, V. angularis (Aoki et al., 2012b) 
F. solani f. sp. phaseoli V. radiata (Schuerger, 1991, 
Schuerger & Mitchell, 
1993, Schuerger et al., 
1993, Schuerger & 
Mitchell, 1992)  
F. crassistipitatum 
(previously known as F. 
solani f. sp. glycines) 
V. radiata, G. max (Aoki et al., 2012a) 
F. cuneirostrum V. radiata, P. vulgaris (Aoki et al., 2003, 
Henriquez et al., 2014, 
O'Donnell et al., 2010, 
Aoki & O'Donnell, 2005, 
Aoki et al., 2012a)  
F. phaseoli V. radiata, P. vulgaris (Aoki & O'Donnell, 2005, 
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O'Donnell et al., 2010, 
Aoki et al., 2003, Aoki et 
al., 2012a)  
F. pallidoroseum V. unguiculata (Gokulapalan et al., 2006) 
F. virguiliforme V. radiata, G. max, P. 
vulgaris 
(Aoki et al., 2012a) 
F. tucumaniae V. radiata, G. max, P. 
vulgaris 
(Aoki et al., 2012a) 
F. brasiliense 
 
V. radiata, G. max, P. 
vulgaris 
(Aoki et al., 2012a) 
F. udum 
 
pigeon pea (Cajanus 
cajan) 
(Patil et al., 2017) 
 
Recent developments in Fusaria taxonomy have led to many taxonomical changes to 
the Fusarium species. Analysis of DNA sequences in recent years have indicated 
that the F. solani species complex is made up of at least 60 phylogenetically distinct 
species, distributed in three distinct subgroups knows as clades 1, 2 and 3 (Aoki et 
al., 2014, O'Donnell et al., 2000, Aoki & O'Donnell, 2005). Fusarium solani (Mart.) 
Appel & Wollenw. has been found worldwide and is known to be a pathogen of many 
plant species, often causing foot and root rots (Leslie & Summerell, 2006). 
Wollenweber and Reinking (1935) first described the F. solani species complex 
within the section Martiella, which consisted of five species, ten varieties and four 
forms (Aoki et al., 2014). Snyder and Hansen (1941) re-examined the work by 
Wollenweber and Reinking and referred to all taxa as F. solani (Aoki et al., 2014).  
 
Recent advances in taxonomy have identified the sexual teleomorph of the F. solani 
species complex as Neocosmospora, rather than Nectria haematococca Berk. and 
Br., as previously thought (Aoki et al., 2014). The concept of formae speciales was 
first introduced into Fusarium taxonomy by Snyder and Hansen in the 1940s, and is 
used to describe the pathogenicity of certain strains to specific host plants (Aoki et 
al., 2014). Studies on the mating types of the F. solani species complex have 
identified more than seven biological species or formae speciales, including f. sp. 
cucurbitae (MP I), f. sp. batatas (MP II), f. sp. mori (MP III), f. sp. xanthoxyli (MP IV), 
f. sp. cucurbitae Race 2 (MP V), f. sp. pisi (MP VI), and f. sp. robiniae (MP VII) (Aoki 
et al., 2014). Several formae speciales have been identified with no known 
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teleomorph, including f. sp. eumartii, f. sp. phaseoli, f. sp. radicicola, f. sp. piperis, 
and f. sp. glycines (Aoki et al., 2014). Recent studies suggest that species within the 
F. solani species complex emerged from three biogeographically structured clades, 
with those responsible for soybean sudden death syndrome and bean root rot 
belonging to clade 2 (Aoki et al., 2014). Recent research investigating the heritage of 
the soybean and bean root rot pathogen clade 2 of the F. solani species complex, 
suggests that they are made up of seven separate species, including F. tucumaniae, 
F. virguliforme, F. brasiliense, F. crassistipitatum, F. azukicola, F. phaseoli and F. 
cuneirostrum (Aoki et al., 2014). Recent studies have found that a newly identified 
species positioned within clade 3 of the F. solani species compex, F. paranaense, 
can also cause root rot in soybeans (Costa et al., 2016).  
 
Fusarium oxysporum is an important vascular wilt pathogen on many plant species, 
and is also responsible for many damping-off diseases, and crown and root rots 
(Leslie & Summerell, 2006). The fungus can be found worldwide and is considered 
as the most widely dispersed and most economically important Fusarium species 
(Leslie & Summerell, 2006). Over 70 formae speciales and races have been 
described for F. oxysporum, although only a few can be differentiated using 
molecular techniques (Leslie & Summerell, 2006, Booth, 1971, Gullino et al., 2012, 
Rocha et al., 2016). According to Leslie and Summerell (2006) many races and 
formae speciales of F. oxysporum are based on observations of the disease on 
hosts, rather than on a genetic or evolutionary basis, and should therefore their 
genetic or evolutionary basis should not be assumed. Phylogenetic analyses of these 
formae speciales have revealed that many are polyphyletic and the origin for their 
pathogenic lineages is complex (Rocha et al., 2016, Meldrum et al., 2012). Recent 
studies have identified 14 secreted in xylem (SIX) genes, that likely relate to 
pathogenicity, and demonstrated horizontal gene transfer from a pathogenic to a 
non-pathogenic isolate of F. oxysporum f. sp. lycopersici (Rep et al., 2004, Ma et al., 
2010). These SIX genes have more recently been detected in other F. oxysporum 
formae speciales including: F. oxysporum f. sp. melonis, F. oxysporum f. sp. radices-
cucumerinum, F. oxysporum f. sp. vasinfectum, F. oxysporum f. sp. lilii, and F. 
oxysporum f. sp. cubense (Meldrum et al., 2012, Rocha et al., 2016). It is not known 
whether any SIX genes are present in F. oxysporum isolates associated with 
Fusarium wilt in mungbean.  
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Isolates belonging to the same VCG typically belong to the same clonal lineage, and 
perhaps using VCGs are a more useful tool when considering how closely related 
isolates may be (Aoki et al., 2014). However, members of the same formae speciales 
may also belong to one or more different VCGs, and pathogenic and non-pathogenic 
isolates can be found within the same VCG (Leslie & Summerell, 2006). The 
standard method for determining the VCG for the F. oxysporum species complex was 
developed in 1985 (Puhalla, 1985). Today over 125 VCGs have been identified within 
the F. oxysporum species complex that refer to more than thirty formae speciales 
(Aoki et al., 2014). To date, no sexual cycle has been identified for the F. oxysporum 
species complex, although two mating types have been found (Aoki et al., 2014). 
 
Mycotoxin production is not well understood in these species, although most F. 
oxysporum isolates are thought to be non-toxigenic, whilst F. solani has been 
associated with a number of human and animal diseases (Leslie & Summerell, 
2006). Fusarium solani is responsible for many human infections, and has been 
recovered from eyes, nails, skin, bone, nasal cavaties, infected wounds, and from 
patients with systemically infected cancer, and HIV (short et al., 2013, Leslie & 
Summerell, 2006). The pathogen is also reported to be toxic and/or pathogenic on a 
number of animals, often associated with keratitis (Leslie & Summerell, 2006). The 
toxin activities in F. oxysporum isolates associated with Vigna and Phaseolus 
species has not been studied. 
 
Further research is required to identify the Fusarium species responsible for wilt in 
mungbean in Australia and the pathogens host range.  
 
 
2.7.3.2 Symptoms of Fusarium wilt in mungbean 
 
The cause of Fusarium wilt of mungbean can infect plants at any stage of growth. It 
is not clear how the pathogen infects mungbean, although the cowpea pathogen, F. 
oxsporum f. sp. tracheiphilum, is thought to invade the root system via the vascular 
tissue, resulting in wilt, leaf chlorosis, and stunting of the entire plant (Pottorff et al., 
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2012). According to Anderson (1985), in mungbean seedlings, leaves wilt and the 
stem may start to brown as a basal rot develops. Lower roots often completely rot, 
and an external discolouration and canker may develop on the mungbean basal stem 
tissue (Anderson, 1985). 
 
Mungbean plants infected at a later stage of growth display water deficit symptoms, 
where leaves and petioles wilt, often becoming necrotic (Anderson, 1985). Stems 
often appear healthy, although discolouration of the xylem tissue is often visible when 
stems are cut longitudinally (Anderson, 1985). According to Anderson (1985), the 
length of the discoloured tissue can be as long as 10-25cm from the crown and 
extend up to the third or fourth internode, and at times into the petioles. White or pink 
mycelium may also develop at the base of diseased plants (Anderson, 1985). 
  
 
2.7.3.3 Source of pathogen inoculum, spread and infection 
 
Both F. oxysporum and F. solani can be recovered from most soils worldwide; from 
the Arctic, tropics, and desert, and from cultivated and non-cultivated soils (Leslie & 
Summerell, 2006). It is thought that both species may be spread by wind, in soil, 
seeds, infected plant material, and insects (Leslie & Summerell, 2006, Elmer, 2012). 
Certain formae speciales of F. oxysporum have been reported to produce conidia on 
the stems of plants, which could be easily spread to other properties via wind (Gullino 
et al., 2012). The primary function of the macroconidia and microconidia is thought to 
be propagation (Elmer, 2012). Both species produce chlamydospores, allowing the 
pathogens to survive in the soil for long periods of time and spread to neighbouring 
properties through the movement of water and infested soil (Leslie & Summerell, 
2006, Dhingra & Netto, 2001). Elmer (2012) proposed that chlamydospores provide a 
means of survival during periods of environmental extremes. Long term survival of 
the pathogen may also be possible via mycelium-colonised tissues. According to 
Leslie and Summerell (2006), perithecia of N. haematococca are commonly 
observed in the field in the wet tropics, although are rarely seen in more temperate 
areas. The mechanisms of inoculum survival and dispersal may be different for every 
pathogen, its host, and the environment (Elmer, 2012). 
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Many Fusarium species have also been recovered from symptomless, non-host, and 
often native plants (Dhingra & Netto, 2001, Leslie & Summerell, 2006, Gullino et al., 
2012). Saprophytic or endophytic colonisation of non-host plants and crop residues 
allows the pathogen to survive extended periods in the absence of a susceptible host 
(Dhingra & Netto, 2001, Gullino et al., 2012). It is thought that the F. oxysporum 
pathogen often survives between cropping seasons in the rhizosphere and roots of 
senescent and vegetatively growing non-hosts (Dhingra & Netto, 2001). The survival 
mechanisms of these fungi has made it difficult to manage these diseases through 
cultural practices, such as cropping rotations.  
 
It is not clear how the pathogen infects mungbean, although F. oxsporum f. sp. 
tracheiphilum is thought to invade the root system of cowpeas via the vascular tissue 
(Pottorff et al., 2012). Fusarium oxysporum f. sp. phaseoli invades bean plants via 
wounds, natural openings, or intact roots, whereby hyphae grow intracellularly in the 
root cortex until they reach the xylem vessels (de Borba et al., 2017). Mycelium 
spreads rapidly to the upper segments of susceptible plants, causing necrosis of the 
hypocotyl tissues and stunting (Pereira et al., 2013, de Borba et al., 2017). 
Accumulation of fungal mycelium and host defensive structures often cause xylem 
vessels to collapse, resulting in the disruption of the transport of water to the aerial 
parts, impairing plant growth and often leading to plant death (de Borba et al., 2017). 
Similarly, F. oxysporum f. sp. vasinfectum colonises the root hairs and epidermal 
cells before hyphae invade the root cortex of cotton plants by both intra and 
intercellular growth (Hall et al., 2013). It is thought that more resistant cultivars can 
delay or avoid the growth of F. oxysporum in the root tissues through phenolic 
accumulation, phytoalexins, tyloses, and obstructing growth in the xylem vessels (de 
Borba et al., 2017, Hall et al., 2013, Pereira et al., 2013).  
 
 
2.7.3.4  Previous techniques used to assess pathogenicity of 
Fusarium species associated with Fusarium wilt 
 
Non-pathogenic forms of Fusarium species are frequently isolated from diseased 
plant tissues, and can be mistakenly reported as the cause of the disease (Gullino et 
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al., 2012). Determinination of the forma specialis of a particular isolate is generally 
found by testing the pathogenicity of the isolate on a range of plant species (Lievens 
et al., 2012). Given the vast number of potential plant species and cultivar hosts, it is 
virtually impossible to make definite conclusions on the identification of formae 
speciales (Lievens et al., 2012). Replacement of these methods with molecular tools 
has been difficult due to the polyphyletic nature of many formae speciales (Lievens et 
al., 2012). 
 
Various techniques have been trialled to assess pathogenicity of Fusarium species 
associated with Fusarium wilt on a range of plant species worldwide. The 
pathogenicity of F. oxysporum on mungbean was assessed in 1985 by Anderson 
using a technique that involved growing plants in pots containing a mixture of potting 
mix and inoculum, grown up on a sand-corn meal medium. Unfortunately the 
greenhouse experiments using the mixed soil inoculum did not result in any infection 
on mungbean and subsequent trials using a root dip technique also failed to 
demonstrate pathogenicity of F. oxysporum on mungbean (Anderson, 1985). 
Anderson (1985) concluded that although pathogenicity of F. oxysporum was not 
confirmed on mungbean, the symptoms observed in the field and the presence of the 
fungus within infected plants suggests that F. oxysporum was responsible. 
 
A spore suspension technique was used to demonstrate the pathogenicity of F. 
solani f. sp. phaseoli on mungbean in 1992 grown in hydroponic solutions (Schuerger 
& Mitchell, 1992). Similarly, spore suspensions have been used to assess 
pathogenicity of F. oxysporum in pea and soybean seedlings (Jasnic et al., 2005, 
Sharma, 2011).  
 
The pathogenicity of F. oxysporum f. sp. phaseoli has been assessed on bean 
germplasm using a root dip technique, whereby seeds and the roots of seedlings, 
with and without root injury, were soaked in a spore suspension prior to planting 
(Pastor-corrales, 1987). Infected seedlings wilted, become chlorotic and produced 
internal discolouration of the vascular tissues (Pastor-corrales, 1987). Recent studies 
suggest that differences in bean cultivar resistance to F. oxysporum f. sp. phaseoli  
during greenhouse inoculations using the root dip technique closely associated with 
those seen in the field (de Borba et al., 2017). 
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Aoki et al. (2012) assessed the pathogenicity of a number of isolates within the F. 
solani species complex to mungbean, azuki bean, kidney bean and soybean. 
Inoculum for the tests was prepared by inoculating sorghum grain, then adding 3 g of 
inoculated sorghum grain as a layer within pots. Mungbean roots rotted and plant 
heights were reduced after inoculation, although no foliar symptoms developed (Aoki 
et al., 2012b).  
 
Further research is needed to assess the pathogenicity of the Fusarium species 
associated with wilt in mungbean in Australia. 
 
 
2.7.3.5 Management of Fusarium wilt  
 
According to Leslie and Summerell (2006), diseases caused by F. oxysporum are 
best managed through host resistance and by using various biological and chemical 
control options. The development of bean cultivars with a broad spectrum resistance 
to F. oxysporum f. sp. phaseoli has been difficult due to the pathogens variability and 
multiple races (de Borba et al., 2017). Growers should avoid paddocks previously 
infected with F. oxysporum f. sp. phaseoli for a number of years, and include non-
host crops in their rotations (Brayford, 1997). Other stresses, such as compacted 
soils and flooding should be avoided (O'Brien et al., 1991), and using a seed 
fungicide treatment, such as Thiram + carboxin and mancozeb may offer some 
control (Brayford, 1997). Excess water, poor drainage, soils with high clay contents, 
and weedy paddocks have been associated with an increase in Fusarium root rot in 
faba bean in Ethiopia (Belete et al., 2013).  
 
Intercropping, or growing two or more crops together, may also assist in reducing the 
incidence of disease caused by F. oxysporum f. sp. phaseoli (Brayford, 1997). The 
incidence of Fusarium wilt in common bean, caused by F. oxysporum f. sp. phaseoli, 
is reported to increase under no-tillage systems (Toledo-Souza et al., 2012). Toledo-
Souza, et al. (2012) also found that Fusarium wilt in bean is best managed with 
rotations of millet (Pennisetum glaucum), Urochloa brizantha, and a consortium of U. 
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brizantha and maize, and that the disease increased in rotation with forage sorghum, 
pigeon pea (Cajanus cajan), Crotalaria spectabilis, and Stylosanthes guianensis.  
 
It has been reported that symptoms of Fusarium wilt caused by F. oxysporum f. sp. 
phaseoli and F. oxysporum f. sp. tracheiphilum can be more severe when it occurs in 
conjunction with the nematode Meloidogyne incognita or M. javanica (Brayford, 1997, 
Ogaraku, 2008, Harris & Ferris, 1991, Sharma et al., 2005a, Haseeb et al., 2005). 
Anecdotal evidence suggests that the disease may also be more prevalent in 
mungbean crops that have a high incidence of nematodes, such as Practylenchus 
thornei, although further research needs to confirm this association.  
 
Further research is needed to investigate and determine the effectiveness of possible 
management techniques in controlling Fusarium wilt in mungbean in Australia.   
 
 
2.8 Fusarium species associated with other broad-acre field crops 
in Queensland 
 
Throughout southern and central Queensland, sorghum remains the major summer 
field crop (ABARES, 2014). The mungbean industry is growing in Queensland as 
growers see the benefits of a quick legume crop with a high return price. Cotton 
continues to be a significant crop is southern and central Queensland, whilst other 
crops, such as maize, are produced to a lesser extent (ABARES, 2014). Sorghum 
and mungbean are typically planted in a cropping rotation with other summer or 
winter crops, including wheat, barley and chickpea (NSWDPI, 2014). 
 
Many Fusarium species are capable of surviving endophytically within the tissues of 
mulitple hosts (Burgess, 2014). It is possible that some of the Fusarium species 
associated with diseases of sorghum or mungbean in Queensland may also survive 
endophytically, or as pathogens, on other crops planted in the rotation system. 
 
 
2.8.1 Maize 
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In Australia maize (Z. mays L.) is typically grown as a summer crop for grain and 
silage production for the domestic livestock industries (Chauhan, 2010). Each year 
maize is produced on an average of 40 thousand hectares in Queensland, largely in 
the Atherton Tablelands, Burnett, and Darling Downs regions (ABARES, 2014, 
Chauhan, 2010). 
 
Similar to sorghum, maize is susceptible to root, stalk and cob rots caused by 
Fusarium species. Stalk and cob rot of maize has been associated with F. 
graminearum, F. verticillioides, F. proliferatum, F. nygamai, members of the F. 
fujikuroi species complex and F. subglutinans (Leslie & Summerell, 2006, Watson et 
al., 2014, Burgess, 2014). Fusarium verticillioides was found to be the dominant 
species isolated from maize stalks during a study in New South Wales, Australia 
(Watson et al., 2014). During the study, both F. verticilliodes and F. proliferatum were 
found in maize kernels, isolated from 82% and 21% of the grain respectively (Watson 
et al., 2014). Kernels infected with Fusarium species can cause major issues to 
producers, particularly when large quantities of mycotoxins are produced (Watson et 
al., 2014).  
 
Numerous Fusarium species have been associated with root rot of maize, including 
F. oxysporum, F. solani, F. graminearum, F. acuminatum, F. equiseti, F. moniliforme 
sensu lato, F. proliferatum, and F. subglutinans (White, 1999).  
 
Many of these Fusarium species have also been recorded on grain sorghum (Leslie 
& Summerell, 2006). It is possible that some of these sorghum pathogens may 
colonise maize tissues and survive between cropping seasons when both maize and 
sorghum are present in the same cropping rotation system.  
 
 
2.8.2 Cotton 
 
Cotton (G. hirsutum L.) is the second largest summer field crop grown in 
Queensland, with an average annual area of production approximately 119 thousand 
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hectares (ABARES, 2014). Australian cotton is the highest yielding, finest and 
cleanest cotton in the world (CRDC & CottonInfo, 2017) 
 
Fusarium wilt, caused by F. oxysporum f. sp. vasinfectum, is a significant threat to 
the Australian cotton industry (Hall et al., 2013). Fusarium oxysporum f. sp. 
vasinfectum is reported to survive in the crop residues, as a saprophyte or 
endophyte, on a range of crops, including: barley (Hordeum vulgare L.), canola 
(Brassica napus L.), chickpea (Cicer arietinum L.), faba bean (V. faba), Lucerne 
(Medicago sativa L.), maize, mungbean, oats (Avena sativa L.), pigeon pea, 
safflower (Carthamus tinctorius L.), sorghum, soybean, sunflower (Helianthus annuus 
L.), triticale (Triticosecale Wittmack), vetch (V. sativa), and wheat (T. aestivum L.) 
(CRDC & CottonInfo, 2017, Swan & Salmond, 2005). According to Swan and 
Salmond (2005), F. oxysporum f. sp. vasinfectum was isolated at a higher frequency 
from legume crops grown in infected pots, and caution should be taken when 
planting legumes in rotation with cotton. 
 
It is possible that the Fusarium species associated with grain sorghum and 
mungbean may also colonise other hosts, similarly to the cotton wilt pathogen. 
 
 
2.8.3 Wheat, barley and chickpea 
 
Between 2000 and 2012, wheat (T. aestivum L.) was produced on an average of 792 
thousand hectares in Queensland annually (ABARES, 2014). Between 2007 and 
2012, barley (H. vulgare L.) and chickpea (C. arietinum L.) were produced on an 
average of 89 thousand hectares and 96 thousand hectares in Queensland annually, 
respectively (ABARES, 2014). 
 
Species within the F. sambucinum species complex (also referred to as the F. 
graminearum species complex) have been associated with crown rot and head blight 
of wheat and barley worldwide (Boutigny et al., 2011). The same species complex 
has also been reported to cause root, stalk and cob rot of maize (Leslie & Summerell, 
2006, Watson et al., 2014, Burgess, 2014).  
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Fusarium wilt, caused by F. oxysporum f. sp. ciceris, is the most significant disease 
of chickpea caused by a Fusarium species, however the pathogen has not been 
reported in Australia (Lindbeck & PHA, 2009). Pigeon pea, lentil (Lens culinaris) and 
pea (Pisum sativum) are reported as hosts of F. oxysporum f. sp. ciceris (Lindbeck & 
PHA, 2009).  
 
It is important to establish which Fusarium species are associated with the diseases 
of sorghum and mungbean in Australia and whether they are capable of colonising 
other hosts in the cropping rotation system. 
75 
 
Chapter 3 
 
 
Fusarium species associated with stalk rot and head blight of grain sorghum in 
Queensland and New South Wales 
 
 
 
This chapter has been published as: Kelly L, Tan YP, Ryley M, and Aitken E, 2017. 
Fusarium species associated with stalk rot and head blight of grain sorghum in 
Queensland and New South Wales. Plant Pathology 66, 1413-23  
 
 
 
The following amendments have been made to this chapter that differ to the 
published article: 
 
1. Changed sentence to “Isolates were collected during the 2009-2011 cropping 
seasons from 114 sorghum crops in southern Qld, central Qld and northern 
NSW from crops grown in a mixture of monoculture and cropping rotations” (p. 
79) 
2. Changed sentence to “Only plants displaying Fusarium stalk rot, seedling 
blight (approximately 35 days after sowing), or head blight symptoms were 
collected from each crop” (p. 79) 
3. Changed sentence to “All isolates identified as either F. andiyazi or F. 
thapsinum using morphological characters, as described by Burgess et al. 
(1988) and Leslie and Summerell (2006), were confirmed using DNA 
sequences of the translation elongation factor 1-α (TEF) gene performed in 
both directions in accordance with Geiser et al. (2004)” (p. 81) 
4. Changed sentence to “Subsequently the identification of these two isolates 
was confirmed as belonging in the FIESC using morphological characters, 
Basic Local Alignment Search Tool (BLAST), and phylogenetic analyses of the 
RNA polymerase II largest (RPB2) subunit” (p. 81) 
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5. Changed sentence to “Approximately 1.5 g vermiculite, a single uncoated 
seed of Sorghum bicolor cv. 86G56, and then approximately 1 g vermiculite, 
were added in succession” (p. 81) 
6. Changed sentence to “The injection point was misted with distilled water and 
then wrapped in Parafilm® to protect the wound after inoculation” (p. 83) 
7. Changed sentence to “At plant maturity (approximately 65 days after 
inoculation) symptoms….” (pp. 84-85) 
8. Changed sentence to “A total of 523 isolates were collected from 114 crops 
during the 2009-2011cropping seasons from southern Qld, central Qld, and 
northern NSW” (p. 85) 
9. Changed sentence to “It was common to isolate both F. andiyazi and F. 
thapsinum from an individual diseased stalk, or F. andiyazi, F. thapsinum, and 
species within the FIESC from a single diseased panicle; in these instances all 
isolates were excluded from the study to avoid misrepresenting the total 
incidence of Fusarium species associated with the diseased stalk or panicle” 
(p. 91) 
10. Changed to (n = 65) in Table 6 (p. 97) 
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Abstract 
Historical records report Fusarium moniliforme sensu lato as the pathogen 
responsible for Fusarium diseases of sorghum, however recent phylogenetic 
analyses has separated this complex into more than 25 species. During this study, 
surveys were undertaken in three major sorghum producing regions in eastern 
Australia to assess the diversity and frequency of Fusarium species associated with 
stalk rot and head blight infected plants. A total of 523 isolates were collected from 
northern New South Wales, southern Queensland, and central Queensland. Nine 
Fusarium species were isolated from diseased plants. Pathogenicity tests confirmed 
F. andiyazi and F. thapsinum were the dominant stalk rot pathogens, whilst F. 
thapsinum and species within the Fusarium incarnatum-F. equiseti species complex 
were most frequently associated with head blight.  
 
Additional Keywords: Fusarium andiyazi, Fusarium thapsinum, Fusarium 
incarnatum-F. equiseti species complex, disease, pathogen, Sorghum bicolor 
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Introduction 
Grain sorghum (Sorghum bicolor [L.] Moench) is one of the most important crops 
worldwide, feeding more than 500 million people in over 30 countries (Lindsay, 
2010). Its tolerance to drought and ability to grow in a variety of soil conditions makes 
it an ideal crop as a staple food source for many of the world’s most food-insecure 
people. In Australia most sorghum is produced for livestock feed (Ryley et al., 2002), 
although on average 28% is exported (ABARES, 2014). The total area sown to grain 
sorghum in Australia varies from year to year largely due to fluctuations in rainfall. A 
total of 532,000 hectares was sown during the 2013-14 season compared with 
942,000 hectares sown during the 2007-08 season, producing 1.2 million and 3.7 
million tonnes, respectively (ABARES, 2014). Water stress during flowering of 
sorghum can be particularly detrimental to yields (Potgieter et al., 2016). 
 
Both stalk rot and head blight have been reported to cause losses in grain sorghum 
throughout the world (Leslie et al., 1990, Zummo, 1984, Jardine & Leslie, 1992). 
Losses typically result from poor grain fill, and more importantly, lodged stalks or 
peduncles that impede harvesting (Claflin & Giorda, 2002).  Stalk rots often become 
an issue in grain sorghum crops during stressful environmental conditions, such as 
those caused by high temperatures (over 28ºC) and water deficit as commonly 
experienced during growing periods in Australia (Trimboli & Burgess, 1983, Burgess 
et al., 1986, Zummo, 1984). The pathogens responsible for stalk rot disrupt the 
absorption and translocation of nutrients and water, minimising photosynthesis and 
grain development (Tesso et al., 2010, Zummo, 1984). The most severe symptoms 
occur after anthesis and may result in lodging, occurring at any point on the stalk 
from the base to the peduncle (Claflin & Giorda, 2002). Stalks infected by Fusarium 
species exhibit a light to dark red or purple discolouration of the internal tissues 
(Claflin & Giorda, 2002, Burgess et al., 1986).  
 
Fusarium moniliforme sensu lato has historically been reported as the predominant 
stalk rot pathogen of sorghum in temperate growing regions (Tuinstra et al., 2002, 
Jardine & Leslie, 1992, Tesso et al., 2004), but recent phylogenetic analyses has 
separated this species complex into more than 25 species (Leslie & Marasas, 2002, 
Leslie, 1995, Klittich et al., 1997, Claflin & Giorda, 2002). According to Leslie and 
Marasas (2002) early reports of F. moniliforme sensu lato associated with sorghum 
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most probably would have been referring to either F. andiyazi, F. nygamai, F. 
proliferatum, F. thapsinum, or perhaps F. verticillioides. Later research by Leslie et al. 
(2005) suggests that early reports of F. moniliforme sensu lato associated with 
sorghum incorporate only F. andiyazi, F. pseudonygamai or F. thapsinum. Today F. 
thapsinum is recognised as the dominant pathogen associated with stalk rot of grain 
sorghum in temperate environments throughout the world (Tuinstra et al., 2002, 
Marasas et al., 2001, Leslie & Marasas, 2002, Leslie, 1995, Klittich et al., 1997, 
Leslie et al., 1990). Fusarium graminearum, a significant pathogen of winter cereals 
and maize, has been associated with stalk rot in sorghum in New South Wales 
(NSW), Australia (Trimboli & Burgess, 1985), although Burgess et al. (2001) 
proposed that sorghum only acts as an asymptomatic host F. graminearum. Other 
species of Fusarium reported to colonise sorghum root and stalk tissue include F. 
chlamydosporum, F. culmorum, F. dimerum, F. equiseti, F. nygamai, F. oxysporum, 
F. sambucinum, F. scirpi, F. semitectum, F. solani, F. tricinctum, and F. verticillioides 
(Claflin, 1986, Trimboli & Burgess, 1985, Shivas, 1989, Zummo, 1984, Petrovic et al., 
2009).  
 
A recent study by Petrovic et al. (2009) on a few selected paddocks in NSW and 
southern Queensland (Qld) identified 14 Fusarium species associated with sorghum 
stalk rot. Fusarium andiyazi and F. thapsinum were the two dominant species, and 
the results of the study suggested that their dominance and relative abundance may 
have been associated with agro-climatic differences between areas (Petrovic et al., 
2009). Fusarium andiyazi was more frequently isolated from the Quirindi area in 
northern NSW, while F. thapsinum was more dominant in the hotter and drier 
Goondiwindi area of southern Qld (Petrovic et al., 2009). The remaining Fusarium 
species isolated in the study were recovered only at low frequencies (0.6-13.7%) 
(Petrovic et al., 2009).  
 
Sorghum head blight has also been reported to be caused by F. moniliforme sensu 
lato, and often occurs following flowering during periods of rain and/or high humidity 
(Zummo & Frederiksen, 1973, Burgess et al., 1986). Plants with head blight may 
have necrosis occurring on all or part of the panicle, dead florets, and a purple-red 
discolouration of the internal pith tissue extending from the panicle down into the 
stalk (Burgess et al., 1986, Castor & Frederiksen, 1980). In some cases the rot may 
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extend down the stalk, causing plants to lodge (Zummo & Frederiksen, 1973, 
Burgess et al., 1986). Yield losses of approximately 11% due directly to Fusarium 
head blight have been reported in NSW (Burgess et al., 1986).  
 
There is a need for more extensive understanding of the occurrence of the different 
Fusarium species associated with stalk rot and head blight of sorghum in the major 
sorghum producing regions of Australia, particularly in the state of Queensland. In 
this study we report (i) the Fusarium species isolated from stalk rot and head blight-
infected plants from sites throughout Qld and NSW over several cropping seasons, 
and (ii) which of those species are pathogenic on sorghum plants. It is hypothesised 
that F. andiyazi and F. thapsinum will be the two dominant species associated with 
stalk rot and head blight of sorghum in the northern growing region within Australia. 
 
Materials and Methods 
Collection of samples from the field 
Isolates were collected during the 2009-2011 cropping seasons from 114 sorghum 
crops in southern Qld, central Qld and northern NSW from crops grown in a mixture 
of monoculture and cropping rotations (Fig. 1). Plants were randomly selected, with a 
minimum of six plants taken from each crop, and assigned to the southern Qld, 
central Qld or northern NSW region based on their location (Fig. 1). Only plants 
displaying Fusarium stalk rot, seedling blight (approximately 35 days after sowing), or 
head blight symptoms were collected from each crop. Infected stalk rot stubble from 
the previous season was also collected where possible. Surveys were typically 
carried out when plants were at physiological maturity, when stalk rot and head blight 
symptoms were more apparent.  
 
Isolation and identification of Fusarium isolates 
Outer leaves and leaf sheaths were removed from approximately 30 cm long 
sections of stalks, which were first surface sterilized with 70% v/v ethanol/water, then 
briefly flamed to ignite the ethanol. Roots and panicle segments were soaked in a 
1.2% v/v solution of NaOCl for 1min, and rinsed twice with sterile distilled water. 
Stalks, roots and panicle segments were allowed to dry on sterile paper tissue. 
Tissue pieces, approximately 0.3 cm3, were excised from the inner tissue of stalks, 
roots, or panicle segments showing red discolouration, then placed onto the surface 
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of water agar supplemented with streptomycin sulfate (100 mg/L) (WA+S) in 9 cm 
diameter Petri plates.  
 
Plates were incubated for 5 days under a 12 hour 25ºC light/20ºC dark regime and 
colonies were grown and identified following the protocol described by Leslie and 
Summerell (2006).  Colonies identified as belonging in the genus Fusarium, primarily 
characterised by the presence of distinctive fusiform-shaped conidia, were sub-
cultured onto carnation leaf agar (CLA) and then incubated under the same 
conditions for a further 7-10 days, or until they produced macroconidia. Isolates were 
purified by germinating single conidia onto WA and then transferring excised agar 
blocks with a single germinated conidium to CLA and potato dextrose agar (PDA) to 
establish single genotype cultures (Burgess et al., 1988). Isolates were incubated for 
a further 8-10 days, and then identified using morphological features (Leslie & 
Summerell, 2006, Burgess et al., 1988).  A total of 521 isolates were preserved in 2 
mL spore suspensions frozen at -80ºC in vials of 10% v/v glycerol/water at the 
Department of Agriculture and Fisheries (DAF) plant pathology laboratory, Tor St, 
Toowoomba, and 374 of those were deposited into the Queensland Plant Pathology 
Herbarium (BRIP), Brisbane.  
 
All isolates identified as either F. andiyazi or F. thapsinum using morphological 
characters, as described by Burgess et al. (1988) and Leslie and Summerell (2006), 
were confirmed using DNA sequences of the translation elongation factor 1-α (TEF) 
gene performed in both directions in accordance with Geiser et al. (2004). 
 
Currently, F. semitectum belongs within the F. incarnatum-F. equiseti species 
complex (FIESC) due to uncertainty in the taxonomy of the group (O'Donnell et al., 
2009b). Two isolates (BRIP 64009a and BRIP 63694a) identified as F. semitectum in 
this study using morphological characters outlined in Burgess et al. (1988) and Leslie 
and Summerell (2006),  were forwarded to Dr Edward Liew and Dr Matthew 
Laurence at the Botanic Gardens and Centennial Parklands, Sydney, for confirmation 
of identification. Subsequently the identification of these two isolates was confirmed 
as belonging in the FIESC using morphological characters, Basic Local Alignment 
Search Tool (BLAST), and phylogenetic analyses of the RNA polymerase II largest 
(RPB2) subunit (E. C. Y. Liew and M. Laurence, Botanic Gardens & Centennial 
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Parklands, Sydney, Australia, personal communication). The DNA sequences were 
then submitted to GenBank as accessions KY271011 (BRIP64009a) and KY271012 
(BRIP63694a).  
 
 
Confirmation of pathogenicity 
 
Seedlings  
A test tube assay was performed to assess the pathogenicity of different Fusarium 
species collected during the study on sorghum seedlings. Sterile glass test tubes, 15 
cm long and 2.5 cm in diameter, were filled with approximately 2 g sterile vermiculite. 
An agar plug from an individual Fusarium isolate grown on CLA for 7-10 days was 
placed into the test tube on top of the vermiculite. Approximately 1.5 g vermiculite, a 
single uncoated seed of Sorghum bicolor cv. 86G56, and then approximately 1 g 
vermiculite, were added in succession. The test tube contents were moistened with 
distilled water and subsequently covered with aluminium foil to prevent the 
vermiculite from drying out. The tubes were incubated in racks under ambient light at 
23-25ºC on a laboratory bench. After 10 days, seedlings were removed and washed 
under running tap water to remove all vermiculite from the roots. The roots of each 
seedling were examined for symptoms of tissue discolouration and/or rotting. A total 
of 83 isolates were assessed  using the test tube assay, comprising isolates of F. 
andiyazi (18), F. chlamydosporum (3), FIESC (3), F. oxysporum (3), F. proliferatum 
(4), F. solani (1), F. subglutinans (1), F. thapsinum (49 isolates), and F. verticillioides 
(1). Fusarium andiyazi (6), F. chlamydosporum (1), F. oxysporum (3), F. proliferatum 
(2), F. solani (1), and F. thapsinum (15) isolates were originally obtained from 
diseased seedlings; F. andiyazi (11), F. chlamydosporum (1), FIESC (3), F. 
proliferatum (2), F. thapsinum (24), and F. verticillioides (1) from diseased stalks; F. 
andiyazi (1) and F. thapsinum (9) from diseased sorghum stubble; and F. 
chlamydosporum (1), F. subglutinans (1), and F. thapsinum (1) from diseased 
panicles. Each seedling was inoculated with a single isolate, with three separate 
seedlings inoculated per isolate per batch.  Three separate seedlings were 
inoculated using a non-colonised agar plug in the test tube as a control in each 
batch, giving a total of 252 experimental units. The experiment was repeated another 
two times. Tissue was cultured onto WA+S from the control treatments and from 15 
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randomly selected seedlings in each batch that displayed symptoms of root infection, 
characterised by reddening and rotting of the root tissue. 
 
Inoculum preparation for stalks and panicles 
Pure cultures of some of the isolates of Fusarium species collected in the survey 
described above were prepared as inoculum. Isolates of F. andiyazi (BRIP 57305a 
and BRIP 53592a), F. chlamydosporum (BRIP 53273b), FIESC (BRIP 63694a, BRIP 
64009a, and BRIP 63693a), F. oxysporum (BRIP 54049a), F. proliferatum (BRIP 
63692a), F. subglutinans (BRIP 57505a), F. thapsinum (BRIP 53593a and BRIP 
57306b) and F. verticillioides (BRIP 53263a) were grown on PDA for 10 days under a 
12 hour 25ºC light/20ºC dark regime. All isolates originated from diseased panicles of 
sorghum, except isolates of F. andiyazi (BRIP 53592a), F. oxysporum (BRIP 
54049a), F. thapsinum (BRIP 53593a), and F. verticillioides (BRIP 53263a), which 
were originally isolated from diseased stalks. Approximately 15 mL sterile distilled 
water was added to each plate, and then the plates were swirled gently to detach 
conidia. The liquid spore suspension was transferred to a sterile vial using a sterile 
syringe, then water was added to make 50 mL. Spore concentrations were 
determined using a haemocytometer and then adjusted to approximately 2x106 
macroconidia/mL.  
 
Stalks 
A glasshouse trial was implemented to investigate the pathogenicity of isolates of the 
different Fusarium species collected during the study on stalks of living sorghum 
plants using a modified version of the protocol developed by Tesso et al. (2004).  In 
March 2014 seeds of Sorghum bicolor cv. MR. Bonus (Pioneer HiBred Australia) 
were sown into a pasteurised sandy-peat potting mix, consisting of 30% sand, 60% 
peat, and 10% red ferrosol soil in 20 cm diameter, 6 L pots. The cultivar MR. Bonus 
was selected as it is commonly grown throughout southern Qld and northern NSW, 
and it has been observed to be susceptible to stalk rot in the field. The pots were 
kept in a glasshouse at DAF, Toowoomba, Qld, at 25-35°C and plants were watered 
regularly. The experiment was set up in a randomised design with five replicates and 
13 treatments, totalling 65 experimental units. A total of 12 isolates and one control 
treatment were tested in the glasshouse trial. Five separate plants, with one plant per 
pot, were inoculated with a single isolate and control treatments involved injecting the 
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basal stem with 1 mL sterile distilled water. At 1-2 weeks post-anthesis plants were 
inoculated by injecting a 1 mL spore solution (2x106 macroconidia/mL) of each isolate 
separately into the lowest internode on the basal stem of stalks, approximately 1.5 
cm above the soil level, using an 18 gauge needle on a NJ Phillips 10 mL injector 
(White et al., 2013). The injection point was misted with distilled water and then 
wrapped in Parafilm® to protect the wound after inoculation. A total of 12 isolates 
were tested in the glasshouse trial. Five separate plants were inoculated with a single 
isolate and control treatments involved injecting the basal stem with 1 mL sterile 
distilled water. The trial was repeated. At plant maturity (approximately 65 days after 
inoculation) symptoms on the stalks were assessed by longitudinally splitting the 
stems of plants and measuring the length of any apparent lesions on the internal pith 
tissue. Tissue was cultured onto WA+S from three randomly selected plants from 
each isolate that displayed symptoms of stalk rot, as characterised by discolouration 
of the internal pith tissue, as well from asymptomatic tissue from the control 
treatment.  
 
Peduncles 
A glasshouse trial was conducted using a modified version of the protocol used by 
Tesso et al. (2004) to examine the pathogenicity of isolates of the different Fusarium 
species collected during the study on peduncles. Peduncles were inoculated during 
the study as an indication of potential head blight. In March 2014 seeds of Sorghum 
bicolor cv. MR. Bonus were sown into 20 cm diameter, 6 L volume pots containing a 
pasteurised sandy-peat potting mix (as above). Similar to above, the cultivar MR. 
Bonus was selected as it is frequently grown throughout southern Qld and northern 
NSW, and often develops head blight in the field. Pots were kept in a glasshouse at 
DAF, Toowoomba, Qld, at 25-35°C and watered regularly. Similar to the stalk 
pathogenicity test, the experiment was set up in a randomised design with five 
replicates and 13 treatments, totalling 65 experimental units. The same 12 isolates 
used in the stalk rot pathogenicity trial were inoculated onto peduncles during the 
glasshouse trial, as well as a control treatment.  Five separate plants, one per pot, 
were inoculated with a single isolate and control treatments involved injecting the 
peduncle with 1 mL distilled water. At 1-2 weeks post-anthesis plants were inoculated 
by injecting a 1 mL spore solution (2x106 macroconidia/mL) of each isolate 
separately into the peduncle, approximately 5-10 cm below the panicle, using an 18 
85 
 
gauge needle on a NJ Phillips 10 mL injector (White et al., 2013). The same 12 
isolates used in the stalk rot pathogenicity trial were inoculated onto peduncles 
during the glasshouse trial.  Five separate plants were inoculated with a single isolate 
and control treatments involved injecting the peduncle with 1 mL distilled water. The 
trial was repeated. At plant maturity (approximately 65 days after inoculation) 
symptoms on the peduncles were assessed by longitudinally splitting the peduncle 
and panicle and measuring the length of any external and internal pith tissue lesions 
present. Tissues were cultured onto WA+S from three randomly selected plants from 
each isolate that displayed symptoms of head blight, characterised by discolouration 
of the internal and external pith tissues and panicle, as well as the control treatment.  
 
Statistical Analyses 
A contingency table, Chi-Square Test, and Exact Test of Goodness-of-Fit were used 
to analyse differences in the relative abundance of species isolated from sorghum 
plants across the regions. A logistic regression analysis was used to analyse the 
number of diseased plants across regions, species and sampled plant part. 
Differences in the relative abundance of species was considered significant at 
P<0.05 using GenStat 16th Edition (VSN International Ltd.). One-way Analysis of 
Variance (ANOVA) was used to analyse differences in pathogenicity between 
species using GenStat 16th Edition (VSN International Ltd.) and were considered 
significant at P<0.05.  
 
Results 
Collection and identification of isolates 
A total of 523 isolates were collected from 114 crops during the 2009-2011cropping 
seasons from southern Qld, central Qld, and northern NSW (Fig. 1).  
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Fig. 1. Geographic distribution of the Fusarium isolates collected throughout northern 
NSW, central and southern Qld (Australia) in surveys conducted from 2009-2011. 
Each red marker represents a separate sampling site. 
 
The number of crops inspected varied within each region and year depending on 
seasonal conditions and disease incidence. Each isolate was collected from a single 
stalk, panicle, seedling or stubble segment from an individual plant. Of the 523 total, 
316, 74, and 133 isolates were collected from Southern Qld, Central Qld and 
northern NSW, respectively (Table 1). Table 1 displays the observed incidence of 
Fusarium species isolated from diseased sorghum plants from the three regions. 
Across all regions a total of nine Fusarium species were isolated from diseased plant 
parts, although the number of species isolated from the various parts differed 
significantly (P<0.05). Isolates of F. thapsinum and species within the FIESC were 
recovered significantly more frequently than the remaining species, comprising 40% 
and 32.7% of the total, respectively. Fusarium andiyazi was the third most 
significantly prevalent species, consisting of 19.1% of the total, followed by F. 
proliferatum (4.4%), and were significantly more abundant than the remaining 
species. Fusarium chlamydosporum and F. oxysporum were recovered only at low 
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frequencies (1.7% and 1.5%, respectively), although they were isolated significantly 
more than F. solani, F. subglutinans, and F. verticillioides. 
 
Within each region there were significant differences between the relative abundance 
of the four most prevalent species, F. andiyazi, FIESC, F. proliferatum and F. 
thapsinum (Table 1). The frequency at which F. thapsinum was isolated was 
significantly greater than that of F. andiyazi and F. proliferatum across all regions. 
Species within the FIESC were isolated at a significantly greater rate than F. 
thapsinum in southern Qld.  
 
Fusarium thapsinum was more abundant than the other species in all plant parts 
except the panicles in each region, although only one panicle was sampled in NSW 
due to low incidence of disease (Table 1). Isolates from the FIESC were more 
abundant in the panicles than the other species in the sites sampled across Qld. 
Fusarium andiyazi was the second most significantly isolated species from affected 
stalks, although the difference in isolation frequency between F. andiyazi and F. 
thapsinum was not significant in southern Qld. A comparison between regions of the 
species obtained from the different plant parts could not be statistically analysed with 
any confidence as the incidence of the diseases differed between regions and 
collections were based on the diseases present.
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Table 1. Observed incidence (%) of Fusarium species isolated from different plant parts obtained from sorghum in eastern Australia (2009-2011)  
Fusarium species Frequency isolated from southern Qld (%)A   Frequency isolated from central Qld (%)A   Frequency isolated from northern NSW (%)A % of TotalA 
Stalks Panicles Seedlings Stubble Total  Stalks Panicles Seedlings Stubble Total  Stalks Panicles Seedlings Stubble Total 
(n=115) (n=163) (n=14) (n=24) (n=316)   (n=33) (n=27) (n=1) (n=13) (n=74)   (n=73) (n=1) (n=46) (n=13) (n=133) (n=523) 
F. thapsinum 46.9a 12.3b 71.4a 66.6a 31.6b   75.8a 7.4b 0 76.9a 50a   53.4a 100 52.2a 61.5a 54.1a 40a 
F. andiyazi 36.5a 4.9c 0 20.8b 17.4c  18.2b 3.7b 0 15.4b 12.2b  31.5a 0 17.4b 38.5a 27b 19.1b 
F. verticillioides 0 0 0 0 0  3b 0 0 0 1.4c  0 0 0 0 0 0.2e 
F. proliferatum 2.7c 2.4cd 7.2b 0 2.5d  0 7.4b 100 7.7b 5.4b  2.7b 0 19.6b 0 8.3c 4.4c 
F. oxysporum 1.7c 0 21.4a 0 1.6d  0 0 0 0 0  1.4b 0 6.4bc 0 3e 1.7d 
FIESC 12.2b 77.9a 0 8.3b 45.3a  3b 81.5a 0 0 31a  6.8b 0 0 0 3.8d 32.7a 
F. chlamydosporum 0 1.8cd 0 4.3b 1.3e  0 0 0 0 0  4.2b 0 2.2c 0 3e 1.5d 
F. solani 0 0 0 0 0  0 0 0 0 0  0 0 2.2c 0 0.8e 0.2e 
F. subglutinans 0 0.7cd 0 0 0.3e   0 0 0 0 0   0 0 0 0 0 0.2e 
AIn each column for incidence per region values followed by a common letter are not significantly different at P<0.05 using the exact test of goodness-of-fit 
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Table 2 presents the number and percentage of sites in which the four most 
prevalent species were detected from sites in northern NSW, southern and central 
Qld between 2009 and 2011. There were significant differences in the number of 
sites across regions that F. andiyazi, FIESC and F. thapsinum isolates were 
obtained (P<0.05). Fusarium thapsinum was isolated from the more sites across 
eastern Australia than any other species, and dominated each region.  
 
Table 2. Number and percentage of crops in which Fusarium andiyazi, F. 
proliferatum, F. thapsinum and species within the F. incarnatum-equiseti species 
complex (FIESC) were detected in grain sorghum in southern Qld, central Qld and 
northern NSW (2009-2011) from plants exhibiting symptoms 
Region Total no. of 
crops 
F. thapsinum F. andiyazi F. proliferatum FIESC 
No.  % No.  % No.  % No.  % 
southern Qld 66 39 59.1 25 37.9 4 6.1 33 50 
central Qld 29 22 75.9 7 24.1 4 13.8 10 34.5 
northern NSW 19 15 78.9 12 63.2 5 26.3 3 15.8 
 
Total 114 76 66.7*a 44 37.7*b 13 11.4*c 46 40.4*b 
*Species estimates are shown based on a regression analysis. Values followed by a 
common subscript are not significantly different at P>0.05   
 
Table 3 displays the observed incidence (%) of Fusarium species obtained from 
sorghum stalks across several cropping seasons. Significant differences in the 
abundance of species from stalks were observed within each season and region 
(P<0.05). There were significant differences between the abundance of species 
obtained from stalks in southern Qld between 2009 and 2011, when F. thapsinum 
was more prevalent than the other species in 2009 whereas F. andiyazi was more 
abundant in 2011. Fusarium thapsinum was more frequently isolated from stalks in 
northern NSW, and a comparison between collections in 2009 and 2010 found no 
significant differences in the relative abundance of species isolated. Fusarium 
thapsinum was also the most frequently isolated species from stalks in central Qld in 
2011, and a comparison between stalks collected from southern Qld in the same 
year found significant differences in the abundance of species isolated (P<0.05). A 
comparison of species isolated from panicles found that species within the FIESC 
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were isolated significantly more than the other species in both southern and central 
Qld in 2011, and a comparison between the regions found no significant differences 
(Table 4) (P<0.05).  
 
Table 3. Observed incidence (%) of Fusarium species obtained from sorghum stalks 
in eastern Australia across different cropping seasons (2009-2011) 
Fusarium species Frequency of isolation (%)A 
southern Qld central Qld northern NSW 
stalks stalks 
 
stalks 
 
stalks stalks 
2009 2011 
 
2011 
 
2009 2010 
(n=86) (n=28) 
 
(n=22) 
 
(n=42) (n=31) 
F. thapsinum 55.8a 21.4b 
 
81.8a 
 
45.2a 64.5a 
F. andiyazi 27.9b 60.7a 
 
13.6b 
 
35.7a 25.8b 
F. proliferatum 2.3d 3.6c 
 
0 
 
4.8b 0 
FIESC 11.6c 14.3b 
 
4.5c 
 
7.1b 6.5b 
F. chlamydosporum 0 0 
 
0 
 
4.8b 3.2b 
F. oxysporum 2.3d 0 
 
0 
 
2.4b 0 
AValues followed by a common letter are not significantly different at P<0.05 within 
the one region and year using the exact test of goodness-of-fit 
 
91 
 
Table 4. Observed incidence (%) of Fusarium species obtained from sorghum 
panicles in eastern Australia across different regions  
Fusarium species Frequency of isolation (%) 
southern Qld 
 
central Qld 
 
Estimated 
frequency of 
isolation* 
panicles 
 
panicles 
 2011 
 
2011 
 (n=151)   (n=27)   
F. thapsinum 10.6 
 
7.4 
 
10.1b 
F. andiyazi 4.6b 
 
3.7 
 
4.5c 
F. proliferatum 2.6 
 
7.4 
 
3.4c 
FIESC 81.5 
 
81.5 
 
81.5a 
F. chlamydosporum 0 
 
0 
 
- 
F. oxysporum 0 
 
0 
 
- 
F. subglutinans 0.7   0   - 
*Estimated frequency of isolation is shown based on a regression analysis. Values 
followed by a common subscript are not significantly different at P>0.05 
 
It was common to isolate both F. andiyazi and F. thapsinum from an individual 
diseased stalk, or F. andiyazi, F. thapsinum, and species within the FIESC from a 
single diseased panicle; in these instances all isolates were excluded from the study 
to avoid misrepresenting the total incidence of Fusarium species associated with the 
diseased stalk or panicle 
 
Confirmation of pathogenicity 
 
Seedlings 
All of the tested isolates of F. andiyazi, F. oxysporum, F proliferatum, F. thapsinum, 
and F. verticillioides produced symptoms on inoculated seeds/seedlings, 
characterised by stunted growth and discoloured root tissue (Fig. 2 a-b). 
Inoculations using F. chlamydosporum, isolates belonging in the FIESC, F. solani 
and also F. subglutinans did not result in seedlings displaying any symptoms of 
infection. All isolates that produced symptoms of root infection were reisolated from 
infected root tissue 100% of the time, while isolates of F. chlamydosporum, FIESC, 
F. solani and F. subglutinans were not recovered from inoculated seedlings. The re-
isolated fungi were identified based on morphological characters described by Leslie 
and Summerell (2006). No Fusarium species were isolated from control treatments.  
92 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Symptoms of seedling infection in pathogenicity tests. (a) Healthy root system 
on a control seedling. (b) Red discolouration of root tissue caused by Fusarium 
thapsinum (BRIP 53593a). Bar = approximately 10mm 
(a)  (b) 
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Stalks 
Approximately 65 days after inoculation all isolates had produced internal 
discolouration of inoculated stalks, characterised by reddish-purple discolouration of 
the internal pith tissue extending from the point of inoculation up the stalk towards 
the panicle. Stalks inoculated with water only displayed internal discolouration 
localised around the point of inoculation (Fig. 3 a-b). Table 5 displays the mean 
lengths (mm) of the internal lesion that developed during stalk rot pathogenicity 
testing for the various isolates. Results were analysed using a F-test and were 
significant at P>0.001. All isolates of F. andiyazi (68 mm and 97 mm), F. 
proliferatum (70.6 mm), F. subglutinans (54.4 mm), F. thapsinum (70 mm and 75 
mm), and one FIESC isolate (BRIP 63694a) (88 mm), produced lesions that were 
significantly longer than that of the control treatment (17.4 mm). The FIESC isolate 
(BRIP 63694a) caused significantly longer lesions on stalks than the other two 
FIESC isolates (88 mm compared to 25.8 and 36 mm, respectively). Both F. 
andiyazi and F. thapsinum isolates that had originated from head blight affected 
plants (isolates BRIP 57305a and BRIP 57306b, respectively) caused internal 
discolouration of stalks on inoculated plants. Koch’s postulates were fulfilled by 
reisolating each isolate from three randomly selected plants exhibiting discoloured 
tissue out of the twelve plants inoculated for each of the isolates.  
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Table 5. Comparison of internal lesion lengths on sorghum stalks inoculated with 
different Fusarium species and un-inoculated controls under glasshouse conditions 
(n=65) 
Isolate Fusarium species Originally isolated 
from 
Mean length of 
internal lesion 
(mm)AB 
BRIP 57305a F. andiyazi Panicle 97a 
BRIP 63694a FIESC Panicle 88ab 
BRIP 53593a F. thapsinum Stalk 75ab 
BRIP 63692a F. proliferatum Panicle 70.6ab 
BRIP 57306b F. thapsinum Panicle 70ab 
BRIP 53592a F. andiyazi Stalk 68abc 
BRIP 57505a F. subglutinans Panicle 54.4bcd 
BRIP 64009a FIESC Panicle 36cde 
BRIP 54049a F. oxysporum Stalk 32de 
BRIP 53263a F. verticillioides Stalk 27.6e 
BRIP 63693a FIESC Panicle 25.8e 
BRIP 53273b F. chlamydosporum Panicle 19.4e 
Control - - 17.4e 
AValues followed by a common letter are not significantly different at P<0.05 
BMean lengths are sorted in decreasing order from the longest to shortest lesions  
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Fig. 3. Internal discolouration of sorghum stalks after inoculation in glasshouse 
pathogenicity tests. (a) Limited discolouration of internal stalk tissue in the control 
treatment, occurring around the point of inoculation. (b) Red discolouration of the 
internal stalk tissue caused by Fusarum andiyazi (BRIP 57305a). Bar = 10mm 
(a) 
(b) 
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Peduncles 
Approximately 60 days after inoculation all isolates produced discolouration of 
inoculated peduncles and panicles, characterised by reddish-purple discolouration 
of the internal tissue and brown external discolouration of the peduncle and 
panicles. Control treatments that were inoculated with water only produced 
discolouration of the internal peduncle tissue localised at the point of inoculation 
(Fig. 4 a-b). Table 6 details the mean lengths (mm) of internal and external 
discolouration of the peduncle tissue that was produced on inoculated plants. 
Results were analysed using a F-test and were significant at P>0.001. All Fusarium 
species caused significantly longer internal and external lesions on peduncles than 
in the control treatment. For an individual peduncle, internal lesions were always 
longer than the external lesion. Both F. andiyazi and F. thapsinum isolates that 
originated from stalk rot affected plants (isolates BRIP 53592a and BRIP 53593a, 
respectively) caused discolouration of peduncles. Fusarium andiyazi (BRIP 53592a) 
produced significantly longer lesions on peduncles than the other F. andiyazi isolate 
(BRIP 57305a), which was originally isolated from a diseased panicle; internal 
lesions of 281.6 mm compared to 147 mm. The FIESC isolate (BRIP 63694a) 
produced significantly longer lesions (internal lesion of 204 mm) than the other two 
FIESC isolates (BRIP 64009a and BRIP 63693a) (internal lesions of 61 mm and 56 
mm, respectively).  Fusarium andiyazi, F. thapsinum, and one FIESC isolate (BRIP 
63694a) produced significantly longer lesions in peduncles than those produced by 
F. chlamydosporum, F. oxysporum, F. verticillioides, and the two remaining species 
within the FIESC. All species were recovered during isolations made from three 
randomly-selected plants from each treatment, although one FIESC isolate (BRIP 
63694a) was only re-isolated from two of the three plants. Recovered isolates were 
identified based on morphological characters as described by Leslie and Summerell 
(2006). No Fusarium species were isolated from the control treatments. 
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Table 6. Comparison of internal and external lesions on sorghum peduncles 
inoculated with different Fusarium species and un-inoculated controls under 
glasshouse conditions (n=65)  
Isolate Fusarium species Originally 
isolated 
from 
Mean length of 
internal lesion 
(mm)AB 
Mean length of 
external lesion 
(mm)AB 
BRIP 53592a F. andiyazi Stalk 281.6a 220a 
BRIP 53593a F. thapsinum Stalk 268a 219a 
BRIP 57306b F. thapsinum Panicle 240ab 190a 
BRIP 63694a FIESC Panicle 204abc 168ab 
BRIP 57305a F. andiyazi Panicle 147bcd 110bc 
BRIP 63692a F. proliferatum Panicle 141cd 98c 
BRIP 57505a F. subglutinans Panicle 122.4cde 94c 
BRIP 54049a F. oxysporum Stalk 96.4de 76.4cd 
BRIP 53273b F. chlamydosporum Panicle 69.4de 39.2de 
BRIP 64009a FIESC Panicle 61e 15e 
BRIP 63693a FIESC Panicle 56e 11e 
BRIP 53263a F. verticillioides Stalk 55.4e 24.6e 
Control - - 6.8f 0 
AIn each column values followed by a common letter are not significantly different at 
P<0.05 
BMean lengths are sorted in decreasing order from the longest to shortest lesions  
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Fig.4. Internal discolouration of peduncles after inoculation in glasshouse 
pathogenicity tests. (a) Discolouration of internal peduncle tissue in the control 
treatment, occurring around the point of inoculation. (b) Red discolouration of the 
internal peduncle tissue caused by Fusarum thapsinum (BRIP 53593a). Bar = 10mm 
 
Discussion 
The results of this study confirm that F. thapsinum was the dominant stalk rot 
pathogen across all three major sorghum growing regions in Qld and northern NSW 
during the 2009-2011 seasons. Fusarium thapsinum was the most widespread and 
(a) 
(b) 
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frequently isolated species obtained from diseased stalks, seedlings and stubble, 
and accounted for 40% of the 523 isolates recovered. Fusarium andiyazi was the 
second most frequently isolated species from diseased stalks and stubble. These 
findings are consistent with those of Petrovic et al. (2009) who reported that F. 
thapsinum and F. andiyazi were more frequently isolated than other Fusarium 
species from diseased sorghum stalks in two separate areas of Australia, 
Goondiwindi and Quirindi (Petrovic et al., 2009). These findings also support those 
studies that had previously found F. andiyazi and F. thapsinum to be significant 
pathogens of sorghum worldwide (Leslie & Marasas, 2002).  
 
This study is the first to report the pathogenicity of F. andiyazi and F. thapsinum on 
stalks and peduncles in eastern Australia. All tested isolates of F. andiyazi, F. 
proliferatum, F. subglutinans, F. thapsinum, and one FIESC isolate (BRIP 63694a) 
were pathogenic on sorghum stalks according to Koch’s postulates. Similar lesion 
lengths on stalks were produced by these species, correlating with a stalk rot 
resistance field trial in the USA where it was found that F. andiyazi  and F. 
thapsinum caused similar levels of disease (Tesso et al., 2005). Pathogenicity in 
seedlings was also confirmed for F. andiyazi, F. oxysporum, F. proliferatum, F. 
thapsinum, and F. verticillioides. These findings support those in a previous study 
that demonstrated the pathogenicity of F. andiyazi, F. thapsinum, and F. 
verticillioides in sorghum seedlings (Leslie et al., 2005b).  
 
This study demonstrated that Fusarium species originally obtained from diseased 
stalks can successfully infect peduncles, and vice versa. Little is currently 
understood on the growth habits of the Fusarium species associated with sorghum 
in Australia. The results of this study indicate that the Fusarium species infect the 
roots of seedlings and remain there until the onset of stress, resulting in rapid 
growth and invasion of the stem. The results also indicate that there may be a 
relationship between stalk rot and head blight, and that both F. andiyazi and F. 
thapsinum are capable of causing both diseases. Understanding which species 
predominate the different regions and under different cropping systems is critical in 
developing future management strategies. Fusarium thapsinum was the dominant 
species associated with stalks in all regions, and across all seasons, except in 
southern Qld in 2011 when F. andiyazi was the most abundant species obtained 
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from diseased stalks. When comparing the climate data for the Dalby region in 
southern Qld in 2009 and 2011 from January to April, when the disease is most 
apparent, the 2011 season had slightly cooler daily temperatures (averaging 16.8-
29.4°C in 2011 compared to 16.4-30.1°C in 2009) and higher rainfall (total of 333.2 
mm rainfall in 2011 compared to 176 mm in 2009) than that in 2009 
(http://www.bom.gov.au/climate/averages/tables/cw_041522.shtml). These findings 
may indicate that F. andiyazi is more abundant in sorghum stalks grown in cooler, 
wetter climates, which would also correlate with findings by Petrovic et al. (2009). 
Current predictions in future climate conditions suggest that there will be increasing 
daily temperatures and decreasing rainfall across eastern Australia (CSIRO, 2015).  
Consequently, it is likely that stress-related diseases, such as Fusarium stalk rot, will 
increase in incidence and severity. The results of this study indicate that F. 
thapsinum will likely continue to be the dominate Fusarium stalk rot pathogen 
throughout eastern Australia under the current climate change predictions. A major 
finding in the study was the high prevalence of species within the FIESC obtained 
from diseased panicles in Australia. Previous studies have also found F. 
semitectum, a species within the FIESC, to be associated with grain mould, root and 
stalk rot of sorghum (Zummo, 1984, Prom et al., 2003). Species within the FIESC 
accounted for 78% of the isolates obtained from diseased panicles in this study. 
Most of the diseased panicles in this study were collected in 2011 from central and 
southern Qld when there was a higher incidence of head blight. The majority of 
these samples were collected from southern Qld; however a comparison of the two 
regions showed no significant differences in the abundance of species isolated. 
Climate data for the Dalby region in southern Qld  during the cropping season 
indicated a particularly wet season in 2010-11, with substantially more rain falling in 
December (247.4 mm), January (139.8 mm) and March (161.4 mm) compared with 
the long term averages (96.4 mm, 77.1 mm, and 53.4 mm, respectively) 
(http://www.bom.gov.au/climate/averages/tables/cw_041522.shtml). The region also 
received more days of rainfall in those three months (16, 8 and 7, respectively) 
compared with the long term average (7.5, 5.7, and 3.7, respectively) 
(http://www.bom.gov.au/climate/averages/tables/cw_041522.shtml).  It is proposed 
that the higher rainfall during the season created optimal conditions for the head 
blight pathogen to invade the host, build up inoculum, and spread to neighbouring 
plants. 
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The role of species within the FIESC in the study remains unclear, although due to 
the high proportion of FIESC isolates recovered from diseased panicles, it is 
proposed that the species complex may be associated with the disease. Three 
isolates within the FIESC were tested for pathogenicity to both stalks and 
peduncles, and it was observed that one isolate (BRIP 63694a) produced 
significantly longer lesions on stalks and peduncles than the other two. 
Pathogenicity of that particular isolate was confirmed according to Koch’s 
postulates, although it was recovered at a lower rate than the other species tested. 
As two of the three tested FIESC isolates did not cause extensive lesions on 
peduncles, it could be hypothesised that these particular isolates are either 
endophytic or saprophytic colonisers of diseased panicles and may not be 
pathogenic.  
 
Pathogenicity testing confirms that both F. andiyazi and F. thapsinum remain the 
dominant stalk rot pathogens across eastern Australia, although a total of nine 
Fusarium species were isolated from diseased sorghum tissues. Of those nine, F. 
andiyazi, species within the FIESC, F. proliferatum, and F. thapsinum were more 
abundant, accounting for 96.2% of the total isolates, and were the only species 
found in all three regions. The remaining species, F. chlamydosporum, F. 
oxysporum, F. solani, F. subglutinans, and F. verticillioides were isolated at low 
frequencies, ranging from 0.2-1.7% of the total. These findings are consistent with 
those by Petrovic et al. (2009) in two regions of Australia, and reflect the findings in 
previous studies that have reported the colonisation of sorghum root and stalk tissue 
by several Fusarium species (Claflin, 1986, Zummo, 1984, Frederiksen & Odvody, 
2000).   
 
During the study multiple Fusarium species could be isolated from a single diseased 
plant. This suggests that some of these species may survive as endophytes or 
saprophytic colonisers of the diseased tissues, or may co-exist as pathogens in 
sorghum plants.  
 
Fusarium subglutinans was only isolated from one panicle in this study. This is in 
contrast to surveys conducted in Western Australia and Victoria in the 1980s, which 
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recorded F. subglutinans as the second most frequently isolated species from 
sorghum infected with stalk rot (Shivas, 1989). However they concur with the 
findings of a more recent study that reported very low recovery of F. subglutinans 
from stalk rot diseased plants in eastern Australia (Petrovic et al., 2009). The 
difference in these findings may result from climatic and/or cropping differences in 
the regions of Australia.  
 
Fusarium verticillioides, a major stalk and cob rot pathogen of maize (Leslie & 
Summerell, 2006), was only isolated from a single sorghum stalk in central Qld, 
suggesting that it has little contribution to the Fusarium diseases of sorghum in 
eastern Australia. This conclusion supports previous reports where F. verticillioides 
was isolated from sorghum plants at a much lower rate than F. thapsinum (Jardine & 
Leslie, 1992, Mansuetus et al., 1997, Petrovic et al., 2009). Similarly, the low 
recovery of F. chlamydosporum and F. solani from diseased tissues, and results of 
pathogenicity screening in the study indicate that they are endophytes or 
saprophytic colonisers of sorghum tissues. The results of the study would suggest 
that F. oxysporum is also an endophyte or saprophytic coloniser of sorghum tissues, 
although the results of the seedling assay would indicate that it is associated with 
root rot of sorghum seedlings. 
 
The recovery of F. andiyazi and F. thapsinum from all regions sampled suggest the 
pathogens are widespread throughout the major sorghum-growing regions in 
eastern Australia. The best strategies for controlling these diseases is through the 
use of resistant cultivars and those with greater stalk strength, and by utilising 
management practices to minimise plant stress (Frederiksen & Odvody, 2000).  
 
The findings of this study include valuable information on the occurrence of a wide 
range of Fusarium species associated with the various diseases of grain sorghum in 
eastern Australia. They will contribute to the development of future integrated 
disease management strategies, which can be targeted at the predominate species 
identified. Future research is warranted to investigate the diversity of Fusarium 
species associated with head blight in regions across different seasons to gain a 
better understanding of these head blight pathogens in Australia. Further research is 
needed to review the species within the FIESC, their association with head blight, 
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and whether they remain the dominant species associated with sorghum panicles in 
drier seasons and across eastern Australia. It is also important to further investigate 
the relationship between the stalk rot and head blight pathogens. 
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Chapter 4 
 
 
 
 
 
 
 
Fusarium species associated with Fusarium wilt of mungbean in Queensland 
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4.1 Introduction 
 
Mungbean, also known as green gram, [Vigna radiata (L.) R. Wilczek] belongs in the 
family Fabaceae (Tomooka et al., 2011). Both, mungbean and black gram [V. 
mungo (L.) Hepper], are considered to be economically important in many 
developing countries, and are a dietary staple for millions of people (Fery, 2002, 
Tomooka et al., 2011). Many species within the Vigna genus are also considered to 
be highly valuable as forage, cover, or green manure crops throughout the world. 
Mungbean is particularly important as a major edible legume across Asia, where the 
mature seeds provide an invaluable source of protein in regions where people are 
mostly vegetarian and where there is a shortage of meat (Heuzé et al., 2015). 
Mungbean can be eaten whole or made into flour, soups, porridge, snacks, bread, 
noodles and ice cream (Heuzé et al., 2015). Split seeds can also be used to make 
dahl, immature pods and leaves may be eaten, and mungbean sprouts are also 
eaten throughout the world (Heuzé et al., 2015).  
 
Mungbean has been grown commercially in Australia for several decades, although 
the total growth area was approximately only one thousand hectares up until the 
1970s (Lawn, 1978). The annual production of mungbean and black gram in 
Australia varies from year to year, largely due to fluctuations in rainfall. Production 
has been increasing in recent years, with 125 000ha sown in Australia during the 
2015-16 season (Clarry, 2016). Mungbean production in Australia averages around 
50 000 tonnes per year, with approximately 95% exported to overseas markets 
(DEEDI, 2010).  
 
In Australia, mungbean can be grown as a spring crop planted in September or 
October, or as a summer crop planted from December (Australian Mungbean 
Association 2009). Mungbean is an ideal summer crop alternative; taking only 70-80 
days to reach maturity, having a low fertiliser requirement, fixes nitrogen into the 
soil, and is one of the most water efficient summer crops available  (Australian 
Mungbean Association 2009).  
 
Anecdotal evidence by researchers, growers and agronomists suggest that 
Fusarium wilt on mungbean in Australia has increased in incidence and severity 
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over the last few years. The cause of Fusarium wilt of mungbean can infect both 
seedlings and mature plants. The pathogen is thought to invade the root system and 
then enter the vascular tissue, resulting in wilt, leaf chlorosis, and stunting of the 
entire plant (Pottorff et al., 2012). Leaves wilt, lower roots rot, and the stem may 
develop a basal rot in diseased seedlings (Anderson, 1985). Older plants with 
Fusarium wilt display water deficit symptoms of wilting with necrotic leaves and 
petioles (Anderson, 1985). Stems of older plants may appear healthy but will have 
discoloured xylem tissue, which becomes evident when stems are cut longitudinally 
(Anderson, 1985). According to Anderson (1985), the length of the discoloured 
tissue can be as long as 10-25cm from the crown and extend up to the third or 
fourth internode and at times into the petioles. White or pink mycelium may also be 
observed at the base of diseased plants (Anderson, 1985). 
 
Currently, little is known of the Fusarium species that are associated with wilted 
mungbean plants in Australia. Outside of Australia, species in both the F. 
oxysporum and F. solani species complexes have been recorded on mungbean 
(Schuerger, 1991, Schuerger & Mitchell, 1992, Haseeb et al., 2005, Anderson, 
1985, Henriquez et al., 2014, O'Donnell et al., 2010, Aoki & O'Donnell, 2005, Aoki et 
al., 2003, Aoki et al., 2012a). Fusarium solani (Mart.) Appel & Wollenw. has been 
found worldwide on a range of substrates and is known to be a pathogen of many 
plant species causing foot and root rots (Leslie & Summerell, 2006). Fusarium 
oxysporum is an important vascular wilt pathogen on many plant species, also being 
responsible for many damping-off diseases, and crown and root rots (Leslie & 
Summerell, 2006).  
 
Recent developments in Fusaria taxonomy have led to many taxonomical changes 
to many Fusarium species. Recent analyses of DNA sequences have indicated that 
the F. solani species complex comprises at least 60 phylogenetically distinct species 
(Aoki et al., 2014, O'Donnell et al., 2000, Aoki & O'Donnell, 2005). Studies 
investigating the heritage of the soybean and bean root rot pathogen clade 2 of the 
F. solani species complex, suggest that they are comprised of seven separate 
species, including F. tucumaniae, F. virguliforme, F. brasiliense, F. crassistipitatum, 
F. azukicola, F. phaseoli and F. cuneirostrum (Aoki et al., 2014).  
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The following species have been associated with wilting symptoms on mungbean 
outside of Australia; F. brasiliense, F. crassistipitatum, F. cuneirostrum, F. 
oxysporum, F. phaseoli, F. solani f. sp. adzukicola (F. azukicola), F. solani f.sp. 
phaseoli, F. tucumaniae, and F. virguliforme (Schuerger, 1991, Schuerger & 
Mitchell, 1992, Haseeb et al., 2005, Anderson, 1985, Henriquez et al., 2014, 
O'Donnell et al., 2010, Aoki & O'Donnell, 2005, Aoki et al., 2003, Aoki et al., 2012a). 
 
Both, F. oxysporum and F. solani may be dispersed by wind, in soil, by seeds, by 
infected plant material and by insects (Leslie & Summerell, 2006). Both of these 
Fusarium species produce chlamydospores, allowing the fungi to survive in soil for 
long periods of time and spread to neighbouring properties through the movement of 
infested water and soil (Leslie & Summerell, 2006, Dhingra & Netto, 2001). Many 
Fusarium species have also been recovered from symptomless, non-host, and often 
native plants, allowing the pathogen to survive between cropping seasons (Dhingra 
& Netto, 2001, Leslie & Summerell, 2006). It is thought that the F. oxysporum 
pathogen often survives between cropping seasons in the rhizosphere of senescent 
non-hosts, and by colonising the roots of non-host plants (Dhingra & Netto, 2001). 
Consequently, the management of these diseases through agronomic methods, 
such as rotations, has proven difficult.  
 
Several techniques have been trialled to assess the pathogenicity of Fusarium 
species on mungbean with limited success. In 1985, Anderson used a technique 
that involved growing plants in pots containing a mixture of potting mix and F. 
oxysporum inoculum, grown on a sand-maize meal medium, however Koch’s 
postulates could not be confirmed (Anderson, 1985). Subsequent trials using a root 
dip technique also failed to demonstrate pathogenicity of F. oxysporum on 
mungbean (Anderson, 1985). However, a spore suspension technique was trialled 
in 1992 and confirmed pathogenicity of F. solani f. sp. phaseoli on mungbean grown 
in hydroponic solutions (Schuerger & Mitchell, 1992). Aoki et al. (2012) also 
successfully assessed the pathogenicity of a number of isolates within the F. solani 
species complex to mungbean, azuki bean (V. angularis), kidney bean (Phaseolus 
vulgaris) and soybean (Glycine max) using infested sorghum grain as inoculum. 
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It is generally recommended that growers avoid paddocks previously infected with 
Fusarium wilt for a number of years, and practise rotations with non-host crops 
(Brayford, 1997).  
 
Further research is vital to identify the Fusarium species responsible for wilt in 
mungbean in Australia so that integrated disease management strategies can be 
successfully developed. In this chapter I report on (i) the identity of Fusarium 
species isolated from mungbean plants displaying Fusarium wilt symptoms from 
sites across Queensland; (ii) the development of an inoculation technique which 
reliably reproduces the symptoms of Fusarium wilt in field-grown mungbean plants; 
(iii) investigate the pathogenicity of different Fusarium species which had been 
isolated from symptomatic mungbean plants collected during surveys.    
 
 
4.2 Materials and Methods 
 
4.2.1 Sample collection 
 
Fusarium isolates were collected from commercial mungbean crops during the 2011 
to 2016 cropping seasons in southern and central Qld. During surveys, plants were 
randomly selected from 43 crops, with a minimum of six plants taken from each 
crop. Plant specimens were collected at any stage of growth and only those 
displaying Fusarium wilt symptoms were gathered. Plant samples were also 
obtained through diagnostic samples submitted to the Department of Agriculture and 
Fisheries (DAF), Tor St Plant Pathology Laboratory by growers, agronomists, and 
other industry personnel.  
 
4.2.2 Isolation and identification of Fusarium isolates 
 
Leaves and petioles were removed from diseased plants, leaving only the stem and 
roots remaining. The upper section of the stem was removed, at approximately 5 cm 
above the discoloured vascular tissue lesion. The remaining diseased stem and 
roots were then surface sterilized in a 1.2% v/v solution of NaOCl for 1 min, and 
rinsed twice with distilled water. Stem and root segments were allowed to dry on 
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sterile blotting paper. Several small pieces of tissue, approximately 0.4 cm3, were 
cut from the advanced portion of the inner discoloured vascular tissue of stem and 
root segments. The excised tissue was placed onto the surface of water agar (refer 
to Appendix 1 for media recipes) supplemented with streptomycin sulfate (100 mg/L) 
(WA+S) in 9 cm diameter Petri plates. Plates were then incubated under a 12 hour 
25ºC light/20ºC dark regime. 
 
After five days, all colonies identified as a Fusarium species, primarily due to the 
presence of distinctive fusiform-shaped conidia, were sub-cultured onto carnation 
leaf agar (CLA) and then incubated under the same conditions for a further 7-10 
days. A single conidium from each isolate was germinated on WA and then an agar 
block containing the germinated conidium was transferred to CLA and potato 
dextrose agar (PDA) to establish pure cultures. All isolates were incubated for a 
further 7-10 days, and then identified using morphological features following the 
protocols of Leslie and Summerell (2006). The pigmentation, rate of growth, and 
colony growth were observed in the PDA plates. The presence or absence, and 
colour of sporodochia on CLA, as well as the shape and number of septa of both 
macroconidia and microconidia were observed. The formation of microconidia, 
characteristics of chlamydospores, and the phialide morphology on CLA were all 
used to identify the species. 
 
The total incidence of Fusarium species isolated from plants were analysed using a 
logistic regression model (see Appendix 6).  
 
 
Distribution of Fusarium species within plants 
 
Additional isolations were made from symptomatic plants collected from the Darling 
Downs region in 2016 to determine the presence of different Fusarium species in 
different parts of the plant showing Fusarium wilt symptoms. Leaves and petioles 
were removed from plants, leaving the main stem and roots intact. The plant 
segment was dipped in 70% v/v ethanol/water for ten seconds and then flamed 
briefly. The plant segment was then aseptically cut up into the following pieces: 
roots, basal stem, first 4 cm of stem, second 4 cm of stem, and so forth. Each piece 
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was then soaked in a 1.2% v/v solution of NaOCl for 2 min, and rinsed twice with 
sterile distilled water. The pieces were allowed to dry on sterile paper tissue, then 
approximately 0.3 cm3 were excised from the inner tissue of roots, basal stem, and 
stem segments, and placed onto the surface of WA+S in 9 cm diameter Petri plates.  
 
The presence of Fusarium species occurring in the different plant pieces was 
analysed using a logistic regression model (see Appendix 6).  
 
   
Identification of Fusarium species using molecular techniques 
 
In August 2015, DNA was extracted from a selection of seven isolates identified as 
F. oxysporum based on morphological characters. DNA was extracted using the 
CTAB DNA extraction method (refer to Appendix 2) (Doyle & Doyle, 1990) and then 
the ITS (Internal Transcribed Spacer) region amplified using PCR primers ITS1 and 
4 (White et al., 1990). Sequencing was conducted by AGRF. The resultant 
sequence was compared to other fungal isolates on the Basic Local Alignment 
Search Tool (BLAST) database.  
 
In October 2016, DNA was extracted from an additional selection of isolates 
identified as F. solani (five isolates) or F. oxysporum (three isolates) based on 
morphological characters. These additional isolates were selected for the DNA 
analysis as a representation of the different F. oxysporum and F. solani isolates 
collected during the study. Another isolate morphologically identified as F. acutatum, 
and one within the F. incarnatum – equiseti species complex (FIESC) were also 
included in the DNA analysis. These latter two were included to confirm their 
morphological identification. The DNA was extracted using the protocol described in 
the Bioline Genomic DNA kit (refer to Appendix 3) (Bioline, 2016). The translation 
elongation factor 1-α (TEF) gene in the extracted DNA was amplified and 
sequenced. Both forward and reverse strands were sequenced and compared using 
BLAST. A phylogeny tree was created using Molecular Evolutionary Genetics 
Analysis (MEGA) software for the sequenced isolates. The sequenced data of other 
species in the Fusarium genus were extracted from the NCBI database and included 
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in the phylogeny tree as a comparison, including several from the F. oxysporum, F. 
solani, and F. fujikuroi species complexes.  
 
Isolates were preserved in 2 mL spore suspensions frozen at -80ºC in vials of 10% 
v/v glycerol/water at the Department of Agriculture and Fisheries (DAF) Plant 
Pathology Laboratory, Tor St, Toowoomba, and 104 isolates were deposited into the 
Queensland DAF Plant Pathology Herbarium (BRIP), Brisbane.  
 
4.2.3 Confirmation of pathogenicity 
 
A number of different pathogenicity techniques were trialled using numerous 
Fusarium isolates in attempts to reproduce symptoms of Fusarium wilt on 
mungbean plants in the glasshouse at 18-35ºC and ambient light, and/or controlled 
growth cabinet at 18-25ºC and 14 hour light periods, and to confirm Koch’s 
postulates. It is not known the specific conditions required for disease development 
in mungbean, however previous studies on another Queensland summer crop, 
cotton, have indicated that symptoms of Fusarium wilt are more clearly expressed at 
temperatures 18-23ºC (Wang et al. 1999). Some of these trials included a smaller 
number of replicates as a preliminiary study to initially see whether symptoms 
developed, however all trials were repeated. A summary of isolates collected and 
used in pathogenicity techniques is presented in Appendices 4 and 5. 
 
Inoculum preparation for seedling test tube assay, seed soaking technique, root dip 
techniques, and spore suspension technique 
 
Pure cultures of a selection of isolates identified based on morphological characters 
alone, or both morphological and molecular traits, were grown on PDA for 10 days 
under a 12 hour 25ºC light/20ºC dark regime (Appendix 4). Approximately 15 mL 
sterile distilled water was added to each plate, then the plates were swirled gently to 
detach spores. The liquid spore suspension was transferred to a sterile vial using a 
sterile syringe, then sterile distilled water was added to make the suspension up to 
50 mL. Spore concentrations, made up of both macroconidia and microconidia, were 
determined with the aid of a haemocytometer and then adjusted to obtain the 
desired concentration for each inoculation technique separately.  
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Seedling Test Tube Assay 
 
A test tube assay was undertaken to determine the pathogenicity of different 
Fusarium species collected during the study on mungbean seedlings. Sterile glass 
test tubes, 15 cm long and 2.5 cm in diameter, were filled with sterile vermiculite. A 
single seed of Vigna radiata cv. Berken was added to each test tube and was then 
covered with an approximate 1 g layer of sterilised sand. The mungbean cv. Berken 
was chosen because it displayed susceptibility to Fusarium wilt in the field. The test 
tube contents were then moistened with distilled water and incubated in racks under 
ambient light at 23-25ºC on a laboratory bench. A total of eight treatments were 
tested, consisting of a control and seven isolates, comprising three F. oxysporum 
and four F. solani isolates. There were four replicates per treatment (n=4), totalling 
32 experimental units, in a completely randomised design. One seedling 
represented one experimental unit. After 10 days, each seedling was inoculated with 
a 1 mL spore suspension, containing approximately 5 x 104 spores/mL, of a single 
Fusarium isolate.  The control treatment was inoculated with 1 mL distilled water. 
After 25 days, seedlings were removed and washed under running tap water to 
remove all vermiculite and sand from the roots. The roots of each seedling were 
examined for symptoms of tissue discolouration and/or rotting. The experiment was 
repeated once.  Isolations were made from two randomly selected seedlings for 
each isolate that exhibited symptoms of root infection, characterised by reddening 
and rotting of root tissue.  
 
Data were analysed using a logistic regression model (see Appendix 6).  
 
Seed Soaking Technique 
 
Seeds of V. radiata, cv. Berken, were surface sterilised in a 1.2% solution of NaOH 
for 1 min, then rinsed twice in sterile distilled water. Each seed was allowed to dry 
on sterile blotting paper, and was then submersed in a spore suspension, containing 
approximately 2 x 106 spores/mL of a single Fusarium isolate, for five hours. A total 
of 14 treatments were included, consisting of a control and 13 isolates, including 
four F. oxysporum, three F. solani, two F. proliferatum, two of the F. fujikuroi species 
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complex, and two FIESC. Control treatments were soaked in sterile distilled water.  
A total of 40 seeds were inoculated in each treatment, each representing one 
experimental unit. Twenty seeds in each treatment were transferred to the surface of 
WA + S in 9 cm diameter Petri plates. Plates were incubated under a 12 hour 25ºC 
light/20ºC dark regime. The other 20 seeds in each treatment were sown into trays 
filled with standard potting mix (Rocky Point MulchingTM) and grown in a growth 
cabinet at 18-25°C and watered regularly. Seedlings grown on agar plates and 
those in the growth cabinet were assessed for root infection after 7 days. Seedlings 
exhibiting symptoms of root infection were characterised by reddening and rotting of 
root tissue, and wilting. The experiment was repeated once.  
 
The data from the seed soaking technique were analysed using a logistic regression 
model (see Appendix 6).  
 
Root Dip Technique 
 
Seeds of V. radiata, cv. Berken were sown into trays of standard potting mix (Rocky 
Point MulchingTM) in a glasshouse. After 10 days, seedlings were removed from 
trays and their roots were trimmed using sterile scissors then soaked for 15 mins in 
a 60 mL spore suspension, containing approximately 1 x 106 spores/mL. Eight 
treatments were tested in a completely randomised design, consisting of a control, 
three F. oxysporum isolates and four F. solani isolates. There were five replicates 
per treatment (n=5), with one plant per pot representing one experimental unit. The 
control treatment was soaked in sterile distilled water. Seedlings were transplanted 
to 20 cm diameter pots containing fresh potting mix (Rocky Point MulchingTM). 
Seedlings were grown in the glasshouse under ambient light at 20-30°C and 
watered regularly. After 21 days, seedlings were removed from pots and washed in 
running water to remove any soil. Seedlings were assessed for symptoms of wilt 
and root infection, characterised by reddening or rotting of root tissues, wilt, basal 
rot, and leaf and petiole death. Tissues exhibiting symptoms of wilt or root infection 
were then cultured onto water agar. The trial was repeated once.  
 
Modified Root Dip Technique 1 
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A modified version of the initial root dip technique without wounding was trialled. 
Seeds of V. radiata, cv. Berken were sown into trays of standard potting mix (Rocky 
Point MulchingTM) in a glasshouse. After 21 days, seedlings were removed from 
trays and their roots were soaked for 5 mins in a 60 mL spore suspension, 
containing approximately 1 x 105 spores/mL. The trial involved six treatments set up 
in a completely randomised design, consisting of a control, two F. oxysporum 
isolates, two F. solani isolates, and a mixture of F. oxysporum and F. solani. The 
control treatment involved soaking seed in sterile distilled water. There were ten 
replicates per treatment (n=10), with one plant per pot representing one 
experimental unit. Seedlings were transplanted to 20 cm diameter pots containing 
fresh potting mix (Rocky Point MulchingTM) and grown in the glasshouse under 
ambient light at 20-30°C and watered regularly. After 21 days, seedlings were 
removed from pots and washed in running water to remove any soil. Seedlings were 
assessed for symptoms of wilt and root infection, characterised by reddening or 
rotting of root tissues, wilt, basal rot, and leaf and petiole death. Tissues exhibiting 
symptoms of wilt or root infection were then cultured onto water agar.  
 
Modified Root Dip Technique 2 
 
The modified version of the initial root dip technique without wounding was trialled a 
second time with different soil types. Two contrasting soil types were used to 
determine whether soil type influenced disease development during pathogenicity 
screening. A heavy clay soil, collected from the Darling Downs, was selected as it 
tends to be more commonly associated with the disease in the field. A pasteurized 
20% clay:30% peat: 50% sand potting mix was chosen as a comparison, and is the 
same potting mix routinely used for screening cotton seedlings for resistance to F. 
oxysporum f. sp. vasinfectum by the DAF cotton pathologists in Toowoomba, 
Queensland. Seeds of V. radiata, cv. Berken were sown on two separate occasions 
into trays of standard potting mix (Rocky Point MulchingTM) in a glasshouse. Forty-
two day-old plants and 7-day-old seedlings were removed from trays and their roots 
were soaked for 15 mins in a 50 mL spore suspension, containing approximately 1 x 
105 spores/mL. Nine treatments were included in the trial, consisting of a control, 
four F. oxysporum isolates, three F. solani isolates, and a mixture of F. oxysporum 
and F. solani (older plants only). The trial was set up as a completely randomised 
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design and consisted of four replicates (n=4), with one plant per pot representing 
one experimental unit. Seedlings and older plants were then transplanted to 20 cm 
diameter pots containing either the heavy clay soil, or the pasteurized potting 
mixture of 20% clay, 30% peat and 50% sand. Plants were maintained in the 
glasshouse under ambient light at 20-30°C and watered regularly. All plants were 
grown until they reached maturity and were then removed from pots and washed in 
running water to remove any soil. Plants were assessed for symptoms of wilt and 
root/stem infection, characterised by reddening or rotting of root tissues, wilt, leaf 
defoliation, discolouration of vascular tissues and basal rot. Plant heights, weights, 
and root lengths were measured at harvest. Tissues exhibiting symptoms of wilt or 
root/stem infection were then cultured onto water agar. The trial was repeated once.  
 
A logistic regression model was used to analyse the results of the modified root dip 
technique 2 (see Appendix 6).  
 
Spore Suspension Technique 
 
Seeds of V. radiata, cv. Berken were sown into 10 cm diameter pots containing 
either standard potting mix (Rocky Point MulchingTM) or a heavy clay soil, as above. 
Plants were grown in a glasshouse under ambient light at 20-30°C and watered 
regularly. After 14 days, a 50 mL spore suspension containing approximately 1 x 105 
spores/mL, was poured onto the soil surface at the base of the seedling stem. 
Eleven different treatments in a completely randomised design were included in the 
trial, consisting of a control treatment, four F. oxysporum isolates, four F. solani 
isolates, one F. acutatum isolate, and a mixed F. oxysporum and F. solani 
treatment. There were four replicates per treatment (n=4), with a single plant per pot 
representing one experimental unit, totalling 88 experimental units. The seedlings 
were maintained in the glasshouse under ambient light at 20-30°C and were 
watered regularly. After 28 days, plants were removed from pots and washed in 
running water to remove any soil. Plants were assessed for symptoms of wilt and 
stem infection, characterised by wilt, leaf defoliation, basal rot, and internal 
discolouration of the vascular tissues. Tissues exhibiting symptoms of wilt or basal 
rot infection were then cultured onto water agar. The trial was repeated once.  
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A second spore suspension trial was carried out on 42-day-old mungbean plants, of 
the cultivars Regur (Vigna mungo) and Green Diamond (V. radiata) growing in 20 
cm diameter pots containing standard potting mix (Rocky Point MulchingTM) in a 
growth cabinet at 18-26ºC. The two cultivars were chosen to determine whether 
there was any varietal response to the inoculations and isolates tested. 
Observations in the field suggest that cv. Green Diamond is susceptible to Fusarium 
wilt, whereas cv. Regur has some levels of resistance to the causal agent(s). The 
soil surface around each plant received a 50 mL spore suspension containing 
approximately 2 x 106 spores/mL. The trial consisted of three treatments: a control, 
one F. acutatum isolate, and one F. solani isolate. There were four replicates (n=4) 
in a completely randomised design and a total of twelve experimental units, with one 
plant per pot representing one experimental unit. At maturity plants were removed 
from pots and their roots washed to remove any soil. Plants were assessed for wilt 
and basal rot symptoms, characterised by wilt, leaf defoliation, basal rot, and 
internal discolouration of the vascular tissues. Tissues exhibiting symptoms of wilt or 
basal rot infection were then cultured onto water agar. The trial was repeated once.  
 
Agar Plug Technique 
 
Seeds of V. radiata, cv. Green Diamond and V. mungo cv. Regur were sown into 20 
cm diameter pots containing standard potting mix (Rocky Point MulchingTM) in a 
glasshouse. After six weeks, the basal part of each stem, approximately 1 cm above 
the potting mix surface was wounded using a sterile scalpel and a small 
(approximately 0.5 cm3) agar plug was excised from a 10-day-old culture of a 
Fusarium isolate and transferred to the wounded site on the plant stem. The 
inoculation site was gently misted with sterile distilled water and was then wrapped 
with Parafilm®. Cultures used to inoculate plants had been grown on PDA under a 
12 hour 25ºC light/20ºC dark regime in 9 cm diameter Petri plates for 7 to 10 days. 
Eleven treatments were included in the trial in a completely randomised design, 
consisting of a control, five F. oxysporum isolates, four F. solani, and a mixed 
treatment of F. oxysporum and F. solani. The control treatment was wounded and 
an un-inoculated agar plug was transferred to the wound site. There were five 
replicates per treatment (n=5), with one plant per pot representing a single 
experimental unit. Plants were maintained in the glasshouse under ambient light at 
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20-30°C. Plants were watered and then left to dry out before rewatering to stress 
plants and encourage disease development. At maturity, plants were removed from 
pots and assessed for symptoms of wilt and stem infection, characterised by wilt, 
leafdefoliation, basal rot, and internal discolouration of the vascular tissues. Tissues 
exhibiting symptoms of wilt or basal rot infection were then cultured onto water agar. 
The trial was repeated once.  
 
Toothpick technique 
 
Seeds of V. radiata, cv. Berken were sown into 20 cm diameter pots of potting mix 
(Rocky Point MulchingTM) in a glasshouse. After 6 weeks, the basal part of each 
stem, approximately 1 cm above the soil surface, was punctured with an inoculated 
toothpick. The toothpick had been previously cultured for ten days on 9 cm diameter 
Petri plates on PDA under a 12 hour 25ºC light/20ºC dark regime containing a single 
Fusarium isolate obtained from a diseased mungbean plant. The inoculation site 
was gently misted with sterile distilled water and was then wrapped with Parafilm®, 
leaving the inoculated toothpick within the basal stem of the plant. The trial was set 
up in a completely randomised design and consisted of seven treatments, including 
a control, three F. oxysporum, and three F. solani isolates. There were three 
replicates (n=3), with one plant per pot representing one experimental unit. Plants 
were maintained in the glasshouse under ambient light at 20-30°C, and watered 
sparingly to stress plants with the aim of inducing disease development. At maturity, 
plants were removed from pots and assessed for symptoms of wilt and stem 
infection, characterised by wilt, leaf defoliation, basal rot, and the discolouration of 
vascular tissues. Tissues exhibiting symptoms of wilt or stem infection were then 
cultured onto water agar. The trial was repeated once.  
 
Production of Millet Inoculum  
 
Individual Fusarium isolates were grown on millet seeds (Pennisetum glaucum [L.]) 
and used in the study. Millet seeds (300 g) were soaked in 1 L flasks containing 400 
mL water for 12 hours. Excess water was drained from each flask and a cotton wool 
plug was placed at the neck of flasks. The flasks were then autoclaved twice on 
consecutive days at 121°C for 20 min. Flasks were inoculated with six colonised 
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agar plugs (0.5 cm diameter) from an individual Fusarium isolate grown on ½ 
strength PDA. Flasks were incubated at approximately 20-25ºC and shaken daily for 
three weeks. The millet inoculum was then removed from flasks and allowed to air 
dry at approximately 20-25ºC for two days in separate containers. Any clumps of 
millet inoculum were broken up to obtain the same consistency as that of un-
inoculated grain.  
 
Millet Inoculum Technique – layer 
 
Seeds of V. radiata, cv. Berken were sown into 10 cm diameter pots containing 
standard potting mix (Rocky Point MulchingTM) and a 3 g layer of inoculated millet 
placed within pots (Fig. 1). The pots representing the control treatment contained 
only potting mix. Plants were grown in a glasshouse under ambient light at 20-30°C 
and watered regularly. The trial was a completely randomised design and consisted 
of six treatments, including a control, two F. oxysporum isolates, two F. solani 
isolates, and a mixture of F. oxysporum and F. solani isolates. There were four 
replicates (n=4), with a single plant per pot representing one experimental unit. After 
28 days, seedlings were removed from pots and washed in running water to remove 
any potting mix, then assessed for symptoms of wilt and root infection, characterised 
by wilting, and reddening or rotting of root tissues. Tissues exhibiting symptoms of 
wilt or root infection were then cultured onto water agar.  
 
 
 
 
 
 
 
 
 
Fig. 1. Diagram of pot containing a layer of inoculated millet for pathogenicity testing 
 
 
Potting mix or 
Vermiculite 
Infected millet 
grain 
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To investigate varying inoculum dosages on the incidence of wilt, seeds of V. 
radiata, cv. Berken were sown into 10 cm diameter pots containing sterile 
vermiculite and a layer of inoculated millet. Pots contained either a 1 g, 6 g or 10 g 
layer of inoculated millet placed within pots containing sterile vermiculite. The pots 
representing the control treatment contained only sterile vermiculite. Plants were 
grown in the growth cabinet at 18-26°C and watered regularly. The trial was set up 
as a completely randomised design and consisted of four treatments, including a 
control treatment, one F. oxysporum isolate, one F. solani isolate, and a mixture of 
F. oxysporum and F. solani isolates. There were nine replicates (n=9), with a single 
plant representing one experimental unit. After 28 days, seedlings were removed 
from pots and washed in running water to remove any soil, and were then assessed 
for symptoms of wilt and root infection, characterised by wilting, and reddening or 
rotting of root tissues. Measurements were made on plant heights, root lengths and 
percentage root discolouration. Percentage of root discolouration was estimated 
based on observations of external root tissues and assessed to the nearest 10%. 
Tissues exhibiting symptoms of wilt or root infection were then cultured onto water 
agar. Data were analysed using a linear mixed model, fitted to the plant height and 
root data (Appendix 6). Trial, isolate, inoculum rate and their interactions were fitted 
as fixed effects.  
 
The inoculated millet layer technique using sterile vermiculite was repeated, testing 
a total of 13 treatments in each run in a completely randomised design, including a 
control treatment, five F. oxysporum isolates, six F. solani isolates, and a separate 
mixture of F. oxysporum and F. solani isolates.  Seeds of V. radiata, cv. Berken 
were sown into 10 cm diameter pots containing sterile vermiculite and a 6 g layer of 
inoculated millet. The 6 g layer inoculum dosage was chosen to be used in the trial 
as it generally produced disease symptoms without causing every inoculated plant 
to wilt and die. The pots representing the control treatment contained only sterile 
vermiculite. Plants were grown in a growth cabinet at 18-26°C and watered 
regularly. There were nine replicates per treatment per trial run (n=9), with one plant 
representing one experimental unit. After 28 days, seedlings were removed from 
pots and washed in running water to remove any vermiculite, and were then 
assessed for symptoms of wilt and root infection, characterised by wilting, and 
reddening or rotting of root tissues. Tissues exhibiting symptoms of wilt or root 
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infection were then cultured onto water agar. Plant height, root length and incidence 
of basal rot was measured for three of the isolate treatment and the control 
treatment. The plant measurement data were analysed using a linear mixed model 
(Appendix 6). Trial, isolate, and their interactions were fitted as fixed effects.  
 
To investigate any differences in cultivar susceptibility, seeds of V. radiata, cv. 
Green Diamond and V. mungo cv. Regur were sown into trays containing sterile 
vermiculite and a 2 g layer of inoculated millet. The trays representing the control 
treatment contained only sterile vermiculite. Plants were grown in a growth cabinet 
at 18-26°C and watered regularly. There were three treatments, consisting of a 
control treatment, one F. oxysporum isolate, and one F. solani isolate. Forty seed 
were sown per tray, with two trays per treatment. A single plant represented one 
experimental unit. The experiment was set up in a completely randomised design. 
After 28 days, seedlings were removed from pots and washed in running water to 
remove any soil, and were then assessed for symptoms of wilt and root infection, 
characterised by wilting, and reddening or rotting of root tissues. Tissues exhibiting 
symptoms of wilt or root infection were then cultured onto water agar.  
 
Millet Inoculum Technique – surface 
 
Seeds of V. radiata, cv. Berken were sown into 20 cm diameter pots containing 
standard potting mix (Rocky Point MulchingTM) in the glasshouse. After six weeks, a 
2 g layer of inoculated millet was placed on the surface of pots. Plants were grown 
in a glasshouse at 20-30°C under ambient light and watered sparingly. Seven 
treatments were included in the trial in a completely randomised design, and 
consisted of a control, three F. oxysporum isolates, and three F. solani isolates. The 
control treatment received a 2 g layer of un-inoculated millet as a surface layer. 
There were four replicates per treatment (n=4), with one plant representing one 
experimental unit. At maturity, plants were removed from pots and washed in 
running water to remove any soil. Plants were assessed for symptoms of wilt and 
stem infection, characterised by wilting, leaf defoliation, basal rot, and discolouration 
of internal vascular tissues. Tissues exhibiting symptoms of wilt or stem infection 
were then cultured onto water agar. The trial was repeated once.  
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Millet Inoculum Technique – at root zone 
 
Seeds of V. radiata, cv. Berken were sown into 20 cm diameter pots containing 
standard potting mix (Rocky Point MulchingTM) in the glasshouse. At sowing an 
approximate 20 cm long, 1cm diameter sterile plastic stick was inserted into the 
potting mix approximately 3 cm from the seed, close to where the roots were likely 
to grow. Plants were grown in a glasshouse at 20-30°C under ambient light and 
watered regularly. Six weeks later, prior to plant flowering, the sticks were removed 
and 1 g of inoculated millet was placed into each hole, around the root zone of 
plants and then covered with potting mix. The control treatment received 1 g of un-
inoculated millet. The trial was arranged in a completely randomised design. Six 
treatments were included in the trial, consisting of a control, two F. oxysporum 
isolates, and three F. solani isolates. There were four replicates per treatment (n=4), 
with one plant per pot representing a single experimental unit. At maturity, plants 
were removed from pots and washed in running water to remove any soil. Plants 
were then assessed for symptoms of wilt and stem infection, characterised by 
wilting, basal rot, leaf defoliation, and discolouration of internal vascular tissues. 
Tissues exhibiting symptoms of wilt or stem infection were then cultured onto water 
agar. The trial was repeated.  
 
 
4.3 Results 
 
Collection and identification of isolates 
 
A total of 114 Fusarium isolates were collected from 43 crops in Queensland during 
surveys and through submissions to the DAF diagnostic laboratory between 2011 
and 2016 (Fig. 2) (see Appendix 4 for details). Each isolate was collected from a 
separate plant, although it was not uncommon to obtain multiple Fusarium species 
from a single plant. In such instances, both of these isolates were excluded from the 
study to avoid misrepresenting the incidence of a single species obtained from 
affected tissues. The number of plants collected from a single crop varied, due to 
differences in disease incidence between seasons and individual crops. In some 
instances, when disease incidence in an individual crop was low, only one or two 
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isolates was obtained. However a more intensive collection was achieved in 
mungbean crops experiencing higher disease incidence.  
 
 
 
Fig. 2. Geographic distribution of Fusarium isolates collected from mungbean plants 
throughout Queensland (Australia) from 2011-2016. Each marker represents a 
separate sampling site. (see Appendix 4 for further detail) 
 
The most obvious symptom of a Fusarium wilt-affected plant was wilting of leaves, 
although diseased plants were often stunted and had a basal stem and root rot (Fig. 
3 and 4). Diseased plants also had a dark internal discolouration of the vascular 
tissues, as displayed in Fig. 5. The incidence of disease varied in crops from low 
(less than 10%) to high (over 80% incidence in patches). Crops experiencing higher 
disease incidence (over 80% incidence) occurred in heavy clay soils, and in the low-
lying areas and edges of crops. Anecdotal evidence from growers suggests that the 
symptoms often became apparent after a period of stress, such as excess water or 
extended periods of extreme heat.  
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Fig. 3. Diseased mungbean plants expressing typical Fusarium wilt symptoms in a 
crop located near Dalby in 2015 
 
 
Fig. 4. Healthy mungbean plant (left) beside an apparent Fusarium wilt-affected 
plant (right). The diseased plant is stunted, shows signs of wilting, and death of the 
lower leaves and petioles 
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Fig. 5. Internal discolouration of vascular tissues in a mungbean plant showing 
symptoms of Fusarium wilt 
 
Based on morphological and taxonomical analysis, eight different species of 
Fusarium were isolated from roots and stems of symptomatic mungbean plants in 
the survey of mungbean crops from 2011 to 2016 (Table 1). There were significant 
differences in the total incidence between the different Fusarium species isolated 
(P<0.05). Fusarium oxysporum and F. solani were the dominant species, and were 
isolated at a similar frequency from sites across southern Qld in each year, not 
significantly different from each other. Fusarium oxysporum consisted of 38.6% of 
the total isolates obtained, and was detected in 25 of the 43 sites. Fusarium solani 
was isolated at a slightly higher rate, totalling 43.9% of the total isolates and was 
detected in 23 sites. At eight of the sites both F. oxysporum and F. solani were 
recovered. Fusarium oxysporum and F. solani were isolated at a significantly higher 
frequency than the other species, but not from each other. Species within the F. 
incarnatum-equiseti and F. fujikuroi species complexes were the third and fourth 
most frequently isolated species, with 8.8% and 4.4% of the total, respectively. 
These two species were only found in five or six sites. The remaining species: F. 
proliferatum, F. acutatum, F. compactum, and F. subglutinans were only isolated at 
low frequencies (0.9-1.8%) and only found in one or two sites.  Occasionally (less 
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than 10% of the time) no Fusarium species were isolated from symptomatic tissues, 
particularly in those samples that were more deteriorated and consequently were 
overgrown with saprophytic fungi (eg. Penicillium sp.).  
 
 
Table 1. Observed incidence (%) of Fusarium species isolated from mungbean 
plants expressing Fusarium wilt symptoms in southern Qld (2011-2016) 
 
Fusarium species Number isolations of each 
Fusarium spp. in each year of 
surveying 
Total 
frequency 
isolated (%)a 
(n=114) 
Number of 
mungbean 
crops with 
Fusarium   2011                                               2014 2015                                     2016    
F. solani 4 20 4 22 43.9a 23 
F. oxysporum 4 22 3 15 38.6a 25 
F. incarnatum-equisetti species 
complex 
1 5 2 2 8.8b 6 
F. fujikuroi species complex 0 4 0 1 4.4bc 5 
F. proliferatum 0 2 0 0 1.8c 2 
F. acutatum 0 1 0 0 0.9c 1 
F. compactum 0 0 1 0 0.9c 1 
F. subglutinans 
Total number of plants from which 
Fusarium spp. was isolated 
0 
 
9 
0 
 
54 
0 
 
10 
1 
 
41 
0.9c 
 
 
1 
 
43 
aValues followed by a common letter were not significantly different at P<0.05 based on a logistic 
regression model 
 
 
Distribution of Fusarium species within plants 
 
Further isolations were made from an additional 31 plants with Fusarium wilt 
symptoms, collected from four different properties in south east Qld. For these 
samples comparisons were made in isolates recovered from different tissue parts, 
as displayed in Table 2. Data analysis found a significant effect of species, but no 
significant effect on the plant segments and their interaction with species (P>0.05). 
Fusarium solani and F. oxysporum were isolated from a similar number of affected 
plants; 13 and 15 plants, respectively. Both species were more frequently isolated 
from the root tissue compared with the different stem segments, but were both still 
isolated from the basal stem and various stem segments, up to stem segment 4 
(approximately 16 cm up stem). In four of the plants, both these dominant species 
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were isolated from within the same plant. Of these isolations with both species 
present, F. solani was isolated from the basal stem or stem segment 1, whereas F. 
oxysporum was isolated from the roots, basal stem, and stem segment 1. The two 
species were not however retrieved from within the same plant segment in a single 
plant. Isolations from six of the plants were overgrown with saprophytic fungi (eg. 
Penicillium spp.) and it could not be determined whether Fusarium species were 
present or not. 
 
Table 2. Presence of Fusarium species isolated from different sections within 
mungbean plants expressing Fusarium wilt symptoms, sampled from 31 plants from 
four mungbean crops in southern Qld in 2016 
 
Fusarium species Present 
in 
number 
of 
plantsa 
  Present in number of plant segments 
  Root Basal 
stem 
Stem 
1 
Stem 
2 
Stem 
3 
Stem 
4 
F. solani 13a 
 
10 7 5 3 1 1 
F. oxysporum 15a 
 
9 4 8 2 3 0 
F. fujikuroi species complex 1b 
 
0 0 1 0 0 0 
Both F. solani and F. oxysporum 4c 
 
3 4 2 0 0 0 
None 6c   0 0 0 0 0 0 
aValues followed by a common letter were not significantly different at P<0.05 based on a logistic 
regression model 
 
 
Identification of Fusarium species using molecular techniques 
 
In August 2015, DNA was extracted from seven isolates (BRIP 65269a, BRIP 
65273a, BRIP 65276a, BRIP 65348a, BRIP 65298a, BRIP 65307a, and BRIP 
65364a), previously identified as F. oxysporum based on morphological characters 
at the Plant Pathology Laboratory at the University of Queensland. DNA was 
extracted using the CTAB DNA extraction method (refer to Appendix 2)(Doyle & 
Doyle, 1990). The seven isolates were later confirmed as F. oxysporum using DNA 
sequences of the ITS (Internal Transcribed Spacer) region.  
 
In October 2016, DNA was extracted from an additional ten isolates at the Plant 
Pathology Laboratory at the University of Southern Queensland in Toowoomba. Five 
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of these isolates identified as F. solani (BRIP 65270a, BRIP 65295a, BRIP 65305a, 
BRIP 65314a, and BRIP 65356a), three as F. oxysporum (BRIP 65287a, BRIP 
65294a, and BRIP 65301a), one as F. acutatum (BRIP 65308a), and one likely 
belonging within the F. incarnatum – equiseti species complex based on 
morphological characters (BRIP 65379a) were selected for DNA analysis. Using 
MEGA software, a maximum likelihood phylogenetic tree was constructed (Fig. 6) to 
compare isolates sampled in this study to those already described in the database. 
Calonectria ilicicola (GenBank Accession AY725691.1) was chosen as an outgroup 
in the phylogeny tree as an unrelated species. Based on analysis of the Translation 
Elongation Factor 1-α, the results indicate that the DNA sequence for isolate BRIP 
65270a (GenBank Accession KY798880, 636 bp) was identical (100% match) to 
that of F. solani (GenBank Accession KF624788.1, 734 bp). The isolates BRIP 
65295a (GenBank Accession KY798883, 665 bp), BRIP 65305a (GenBank 
Accession KY798885, 672 bp), and BRIP 65314a (GenBank Accession KY798887, 
671 bp) were a 99% match to F. solani (GenBank Accession KF624788.1, 734 bp), 
whilst BRIP 65353a (GenBank Accession KY7988858, 681 bp) was a 97% match to 
F. solani (GenBank Accession KF624788.1, 734 bp). The analyses therefore 
demonstrated that all of these isolates were closely related and belong within the F. 
solani species complex. The DNA sequence for isolate BRIP 65287a (GenBank 
Accession KY798881, 644 bp) matched 100% to that of F. oxysporum (GenBank 
Accession DQ435350.1, 732 bp). Isolate BRIP 65294a (GenBank Accession 
KY798882, 653 bp) was a 99% match to F. oxysporum f. sp. pisi (GenBank 
Accession KP964894.1, 1065 bp) and BRIP 65301a (GenBank Accession 
KY798884, 601 bp) was a 100% match to F. oxysporum (GenBank Accession 
KF624780.1, 710 bp). The maximum likelihood phylogenetic tree indicates that the 
species identified as F. oxysporum were not identical and could possibly be three 
separate sub-species. The DNA sequence for BRIP 65308a (GenBank Accession 
KY798886, 635 bp) was a 99% match to F. acutatum (GenBank Accession 
JX118982.1, 702 bp). The morphological characters of BRIP 35308a most closely 
resemble F. acutatum, with microconidia produced in false heads from 
monophialides and occasionally polyphialides, falcate 3-septate macroconidia with a 
foot-shaped basal cell and bent apical cell. The DNA sequence for BRIP 65379a 
(GenBank Accession KY798889, 638 bp) matches (100%) Fusarium sp. (GenBank 
Accession GQ505672.1, 677 bp). The morphological characters of BRIP 65379a 
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most closely resembled those of species within the F. incarnatum – equiseti species 
complex. These findings are consistent with the identifications based on 
morphological characters alone. 
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Fig. 6. Phylogenetic analysis based on maximum likelihood of Translation 
Elongation Factor 1-α sequences of mungbean Fusarium species obtained from the 
present study and related Fusarium accessions in GenBank. The tree was rooted 
using the fungus, Calonectria ilicicola. Maximum likelihood bootstrap values (>50%) 
from 500 replications are indicated.   
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Based on these NCBI comparisons and morphological descriptions the isolates 
listed in Table 3 were used in the following tests to assess pathogenicity.  
 
Table 3.  Description of Fusarium isolates used in this study to assess pathogenicity 
in mungbean. Isolates were collected from mungbean plants with symptoms of 
Fusarium wilt from sites across southern Qld (2011-16) 
 
Isolate Fusarium species Locality Year 
isolated 
Site 
BRIP 65268a F. solani Jondaryan 2011 1 
BRIP 65269a F. oxysporum Jondaryan 2011 1 
BRIP 65270a F. solani Jondaryan 2011 1 
BRIP 65271a F. solani Jondaryan 2011 2 
BRIP 65272a F. solani Jondaryan 2011 3 
BRIP 65273a F. oxysporum Malakoff 2011 4 
BRIP 65276a F. oxysporum Wellcamp 2010 5 
BRIP 65277a FIESC Nobby 2014 6 
BRIP 65281a FFSC Warra 2014 7 
BRIP 65348a F. oxysporum Nobby 2014 8 
BRIP 65282a F. oxysporum Nobby 2014 8 
BRIP 65285a FIESC Nobby 2014 9 
BRIP 65289a FFSC Nobby 2014 9 
BRIP 65291a F. proliferatum Nobby 2014 9 
BRIP 65294a F. oxysporum Nobby 2014 9 
BRIP 65295a F. solani Nobby 2014 9 
BRIP 65301a F. oxysporum Nobby 2014 9 
BRIP 65305a F. solani Kingsthorpe 2014 10 
BRIP 65351a F. proliferatum Kingsthorpe 2014 10 
BRIP 65308a F. acutatum Kingsthorpe 2014 11 
BRIP 65353a F. solani Brookstead 2014 12 
BRIP 65359a F. oxysporum Mondure 2014 13 
BRIP 65389a F. solani Pampas 2016 38 
BRIP 65399a F. oxysporum Westbrook 2016 40 
 
 
Confirmation of Pathogenicity 
 
Seedling Test Tube Assay 
 
The incidence of root infection observed in the seedling test tube assay is displayed 
in Table 4. Although three tested isolates of F. solani caused discolouration of roots 
on mungbean seedlings after inoculation the incidence of root infection was not 
significantly different to that observed in the control treatments (P<0.05).  Koch’s 
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postulates were not fulfilled during the seedling test tube assay as neither F. solani 
or F. oxysporum were reisolated from inoculated seedlings.  
 
Table 4. Observed incidence of root infection, based on external symptoms at 25 
days after inoculation, in cv. Berken seedlings during a seedling test tube assay 
 
Isolate Fusarium species Percentage (%) discoloured or 
rotted (n=8) 
Trial 1 Trial 2 
Control - 25 50 
BRIP 65268a F. solani 25 50 
BRIP 65272a F. solani 25 25 
BRIP 65271a F. solani 25 25 
BRIP 65269a F. oxysporum 0 0 
BRIP 65270a  F. solani 0 0 
BRIP 65273a F. oxysporum 0 0 
BRIP 65276a F. oxysporum 0 0 
 
 
Seed Soaking Technique 
 
No symptoms of disease were produced in any of the seedlings grown in the growth 
cabinet from seed soaked in spore suspensions of the different Fusarium 
species/isolates. No statistical analysis could be performed on these seedlings as 
there was no variance in results.  
 
Symptoms of seedling infection, characterised by discolouration and rotting of root 
tissue (Fig. 7), occurred in at least 45% of seedlings in the three F. solani treatments 
(BRIP 62568a, BRIP 65270a, and BRIP 65353a), and the three F. oxysporum 
treatments (BRIP 65273a, BRIP 65276a, and BRIP 65282a) when plated on agar 
after being soaked in a spore suspension (Table 5). Fusarium solani isolates (BRIP 
65270a and BRIP 62568a) and F. oxysporum isolates (BRIP 65276a, BRIP 65273a, 
and BRIP 65282a) all produced significantly higher incidence of root rot than the 
other treatments. Logistic regression analysis demonstrated that there were no 
significant differences between F. oxysporum and F. solani. All Fusarium species, 
except those within the FIESC were recovered from diseased seedlings during 
isolations. Table 5 details the results of the agar plate technique. A logistic 
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regression model was used to analyse the data in each trial, and found a significant 
effects of species (P<0.001) and isolates (P=0.001) on the proportion of root rot, 
suggested that there were some differences in virulence detected between isolates 
and species. The proportion of root rot in treatments inoculated with F. solani was 
not significantly different to the proportion of root rot in treatments inoculated with F. 
oxysporum, although both species significantly produced a higher proportion of root 
rot than the other treatments. Table 6 demonstrates the results from the logistic 
regression analysis with the species as the main effect.  
 
 
Fig. 7. Symptoms of seedling infection in soaking seed technique. (a) Healthy root 
system in control seedlings. (b) Discolouration and rotting of root tissue caused by 
F. oxysporum (BRIP 65273a) 
 
(a) (b) 
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Table 5. Incidence of seedlings with visible external root symptoms on agar plates 
following submersion of seeds using the Seed Soaking technique with different 
Fusarium species/isolates or with a blank suspension (control) (n=40 over the two 
trials) 
 
Isolate Fusarium 
species 
Percentage (%) 
discoloured or rotted 
Mean percentage 
(%) discoloured or 
rotteda Trial 1 Trial 2 
Control - 5 0 2.5c 
BRIP 65270a F. solani 75 75 75a 
BRIP 65273a F. oxysporum 65 70 67.5a 
BRIP 65276a F. oxysporum 65 70 67.5a 
BRIP 65268a F. solani 70 65 67.5a 
BRIP 65282a F. oxysporum 65 60 62.5a 
BRIP 65353a F. solani 45 45 45b 
BRIP 65348a F. oxysporum 45 40 42.5b 
BRIP 65281a FFSC 40 40 40b 
BRIP 65351a F. proliferatum 45 40 42.5b 
BRIP 65289a FFSC  40 40 40b 
BRIP 65291a F. proliferatum 5 0 2.5c 
BRIP 65277a FIESC 0 0 0c 
BRIP 65285a FIESC 0 0 0c 
aValues followed by a common letter are not significantly different at P=0.001 based 
on logistic regression analysis 
 
 
Table 6. Impact of Fusarium species on the incidence of root infection in the Seed 
Soaking technique based on a logistic regression analysis  
 
Fusarium species Proportion incidence of root infectiona 
F. solani 0.62a 
F. oxysporum 0.61a 
FFSC 0.41b 
F. proliferatum 0.09bc 
control 0.01c 
FIESC 0.00c 
aValues followed by a common letter are not significantly different at P<0.001 
 
 
Root Dip Technique  
 
138 
 
Disease symptoms developed in only three seedlings during the two trials 
(inoculated with F. oxysporum isolates BRIP 65273a and BRIP 65269a, and F. 
solani isolate BRIP 65272a). The affected seedlings wilted and developed a basal 
rot. Re-isolations were made from the advancing basal rot lesion and F. oxysporum 
and F. solani was recovered, respectively. All other seedlings remained healthy 
(Table 7).  
 
Table 7. Incidence of Fusarium wilt, based on external symptoms at 21 days after 
inoculation, in mungbean seedlings, cv. Berken, inoculated with different Fusarium 
species using the root dip technique then grown in standard potting mix 
 
Isolate Fusarium species Incidence of wilt (%) (n=10) 
Trial 1 Trial 2 
Control - 0 0 
BRIP 65268a F. solani 0 0 
BRIP 65269a F. oxysporum 0 20 
BRIP 65270a F. solani 0 0 
BRIP 65271a F. solani 0 0 
BRIP 65272a F. solani 0 20 
BRIP 65273a F. oxysporum 20 0 
BRIP 65276a F. oxysporum 0 0 
 
 
Modified Root Dip Technique 1 
 
Following immersion of seedling roots in a fungal spore suspension, one seedling 
developed wilt and basal rot symptoms in each of three treatments (inoculated with 
BRIP 65295a [F. solani], BRIP 65359a [F. oxysporum], and the mixed treatment 
BRIP 65348a + BRIP 65295a [F. oxysporum + F. solani]). Symptomatic tissue was 
cultured onto WA+S and both F. oxysporum and F. solani were re-isolated from 
necrotic stem tissue in treatments BRIP 65359a and BRIP 65295a, respectively. 
Fusarium oxysporum was reisolated from tissue exposed to the mixed treatment 
BRIP 65348a + BRIP 65295a. All other plants remained healthy (Table 8).  
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Table 8. Incidence of Fusarium wilt in mungbean seedlings, cv. Berken, based on 
external symptoms at 21 days after inoculation, grown in standard potting mix 
following immersion of wounded roots in a spore suspension with different Fusarium 
species as per the root dip technique 1  
 
Isolate Fusarium species Incidence 
of wilt (%) 
(n=10) 
Control - 0 
BRIP 65348a F. oxysporum 0 
BRIP 65295a F. solani 10 
BRIP 65348a + BRIP 65295a F. oxysporum + F. solani 10 
BRIP 65359a F. oxysporum 10 
BRIP 65270a F. solani 0 
 
 
Modified Root Dip Technique 2 
 
At 7 days after inoculation, seedlings growing in the heavy clay soil began to wilt in 
treatments inoculated with F. solani (BRIP 65268a, BRIP 65295a and BRIP 65353a) 
and F. oxysporum (BRIP 65273a, BRIP 65348a, and BRIP 65359a). The F. solani 
treatments exhibited more severe wilting than the other treatments (Table 9). At 14 
days after inoculation, one seedling had died in each of the F. solani treatments 
(BRIP 65295a and BRIP 65353a), and two in treatment BRIP 65268a grown in the 
heavy clay soil, whilst the other seedlings previously showing symptoms of wilt had 
recovered. Fusarium solani was re-isolated from the symptomatic tissues of these 
diseased seedlings. Seedlings appeared healthier in the clay:peat:sand potting mix, 
with only one seedling wilting from treatment BRIP 65359a (F. oxysporum), whilst all 
other inoculated seedlings remained healthy. All plants inoculated with isolate BRIP 
65282a (F. oxysporum) remained healthy. Fusarium oxysporum was re-isolated 
from the one symptomatic plant (BRIP 65359a) grown in the potting mix. Plant 
height, weight and seedling root length were measured at harvest (approximately 80 
days after sowing), results shown in Table 9. The results of the two trials were 
analysed using a logistic regression model and demonstrated consistent results 
across the two trials. There was a significant effect of species and isolates for the 
plant height, weight and root measurements for seedlings grown in the heavy clay 
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soil (P<0.05). There were no significant differences in plant height, root length, and 
weight measurements for those seedlings grown in the potting mix.  
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Table 9. Plant heights, weights and root lengths measured at harvest (approximately 80 days after sowing) for seedlings dipped in a 
spore suspension, as per the modified root dip technique 2 and grown in a heavy clay soil or potting mix (n = 8 over the two trials). 
The roots of seedlings in the control treatments were dipped in sterile water for 15 mins. 
Isolate Fusarium 
species Heavy Clay soil
a Potting mix 
Trial 1 Trial 2 Trial 1 Trial 2 
Plant 
height 
(cm) 
Root 
length 
(cm) 
Plant 
weight 
(g) 
Incidence 
of wilt (%) 
Plant 
height 
(cm) 
Root 
length 
(cm) 
Plant 
weight 
(g) 
Incidence 
of wilt (%) 
Plant 
height 
(cm) 
Root 
length 
(cm) 
Plant 
weight 
(g) 
Incidence 
of wilt (%) 
Plant 
height 
(cm) 
Root 
length 
(cm) 
Plant 
weight 
(g) 
Incidence 
of wilt (%) 
Control - 10.5a 3.4bc 0.6ab 0 11.3 3.7 0.6 25 34 12 3.2 0 
31 11 4.1 25 
BRIP 65268a F. solani 5.5d 2d 0.3d 75 6.2 2 0.3 50 30 14 3.1 0 
29 13 2.8 0 
BRIP 65295a F. solani 6.8cd 3.7ab 0.5bc 25 7 4.2 0.5 25 28 13 3.2 0 
35 12 3.1 0 
BRIP 65353a F. solani 8.7b 2d 0.6ab 25 9 2.2 0.5 25 34 8 3.9 0 
36 10 4.2 0 
BRIP 65273a F. oxysporum 7cd 2.2cd 0.4cd 0 6.7 2.7 0.4 25 36 10 4.5 0 
30 11 3.2 0 
BRIP 65348a F. oxysporum 7.6bcd 4.1ab 0.5bc 0 7.2 4.2 0.5 0 35 15 4.7 0 
34 16 3.8 25 
BRIP 65282a F. oxysporum 8.4b 4ab 0.6a 0 8.7 4.5 0.6 0 34 13 3.3 0 
31 15 2.9 0 
BRIP 65359a F. oxysporum 8.6bc 5.5a 0.6ab 0 8.2 5 0.5 0 37 15 5.2 25 
33 14 4.2 0 
aValues followed by a common letter are not significantly different at P>0.05. Results from both trials in each soil type were combined 
and analysed using a logistic regression model 
Note: Plant measurements excluded plants that had died
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The results of the data analysis on the interaction of species and plant height, 
weight, and root lengths is provided in Table 10. There were no significant 
differences in the plant height and weight measurements of plants inoculated with 
either F. oxysporum or F. solani, however F. solani significantly reduced root lengths 
compared to F. oxysporum when grown in the heavy clay soil, but was not 
significantly different to that of the control (P<0.05). Both species significantly 
reduced plant heights compared to the control treatment. 
 
Table 10. Influence of Fusarium oxysporum and F. solani on plant heights, weights, 
and tap root lengths when inoculated using the root dip technique 2 based on data 
analysed with a logistic regression model 
Fusarium species Height (cm)a Weight (g)a 
Root length 
(cm)a 
Control 10.88a 0.58a 3.56ab 
F. oxysporum 7.83b 0.51ab 4.04a 
F. solani 7.21b 0.45b 2.7b 
aValues followed by a common letter are not significantly different at P>0.05 
 
At approximately 45 days after inoculation, older plants growing in the heavy clay 
soil (previously inoculated at 42-days-old) began to lose their lower leaves in F. 
solani treatments (BRIP 65268a, BRIP 65295a, and BRIP 65353a), and F. 
oxysporum treatments (BRIP 65273a and BRIP 65348a). However the incidence of 
leaf defoliation did not differ to that for the controls. The incidence (%) of leaf 
defoliation in each treatment is shown in Table 11. At approximately 50 days after 
inoculation, one plant growing in the pasteurized clay:peat:sand potting mix, 
previously inoculated at 42-days-old, began to lose its lower leaves in F. oxysporum 
treatment (BRIP 65273a). Koch’s postulates were not fulfilled as no fungi were 
retrieved from these symptomatic plants. A logistic regression analysis of the data 
showed a significant main effect of soil type, with the heavy clay soil showing 
significantly higher incidence of leaf defoliation than the clay:peat:sand potting mix 
(P<0.05). There was no significant difference between the isolates and species, nor 
the controls (P<0.05).  
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Table 11. Incidence of leaf defoliation 45 days post inoculation in cv. Berken 
mungbean plants inoculated with different Fusarium species at 42-days-old by 
immersion of roots in a spore suspension as per the root dip technique 2 and grown 
in either a heavy clay soil or clay:sand:peat potting mix (n=8 per soil type over the 
two trials)  
 
Isolate Fusarium species Incidence of leaf defoliation (%) 
Heavy clay soil Potting mix 
Trial 1 Trial 2 Trial 1 Trial 2 
Control - 25 50 0 0 
BRIP 65268a F. solani 50 25 0 0 
BRIP 65295a F. solani 50 50 0 0 
BRIP 65353a F. solani 25 25 0 0 
BRIP 65273a F. oxysporum 50 25 25 0 
BRIP 65348a F. oxysporum 25 25 0 0 
BRIP 65282a F. oxysporum 0 25 0 25 
BRIP 65359a F. oxysporum 0 0 0 0 
BRIP 65348a + 
BRIP 65268a 
F. oxysporum + F. solani 0 0 0 0 
 
 
 
Spore Suspension Technique 
 
Within 14 days after inoculation, at least one seedling growing in the heavy clay soil 
in the glasshouse from each of the F. solani treatments (BRIP 65268a and BRIP 
65353a), and F. oxysporum treatments (BRIP 65273a and BRIP 65348a) began to 
wilt. All other treatments remained healthy (Table 12). Fusarium oxysporum was re-
isolated from treatments BRIP 65273a and BRIP 65348a, whilst F. solani was re-
isolated from the symptomatic plants in treatments BRIP 65268a and BRIP 65353a. 
Powdery mildew, caused by Podosphaera xanthii, defoliated the remaining 
seedlings growing in the heavy clay soil within the following 14 days, before any 
further symptoms of Fusarium wilt could develop. 
 
Only two seedlings from the mixed treatment (BRIP 65268a + BRIP 65359a) 
growing in standard potting mix developed wilt symptoms (Table 12). Both F. 
oxysporum and F. solani were isolated from the wilted seedling. All other seedlings 
growing in standard potting mix remained healthy.  
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Table 12. Incidence of Fusarium wilt, based on external symptoms at 28 days after 
inoculation, in mungbean cv. Berken seedlings inoculated with different Fusarium 
species using the spore suspension technique (n = 8 per soil type over the two 
trials)  
 
Isolate Fusarium species Incidence of wilt (%) 
Clay soil Potting mix 
Trial 1 Trial 2 Trial 1 Trial 2 
Control - 0 0 0 0 
BRIP 65273a F. oxysporum 25 25 0 0 
BRIP 65348a F. oxysporum 25 25 0 0 
BRIP 65282a F. oxysporum 0 25 0 0 
BRIP 65359a F. oxysporum 0 0 0 0 
BRIP 65268a F. solani 25 25 0 0 
BRIP 65270a F. solani 0 0 0 0 
BRIP 65295a F. solani 0 25 0 0 
BRIP 65353a F. solani 50 25 0 0 
BRIP 65308a F. acutatum 0 0 0 25 
BRIP 65359a + 
BRIP 65268a 
F. oxysporum + F. solani 0 0 25 25 
 
When the spore suspension technique was repeated on older plants, Fusarium wilt 
symptoms developed in plants inoculated with isolates  BRIP 65270a (F. solani) and 
BRIP 65308a (F. acutatum) (Table 13). Fig. 8 displays the wilt symptoms observed 
in 50% of the cv. Green Diamond mungbean plants inoculated with F. acutatum 
(BRIP 65308a), all of which later died. The remaining cv. Green Diamond plants 
inoculated with treatment BRIP 65308a (F. acutatum) developed a basal rot and 
lower leaf death. Fewer symptoms were apparent in the cv. Regur inoculated with 
treatment BRIP 65308a (F. acutatum), although one plant developed a basal rot. No 
plants died in the F. solani treatment (BRIP 65270a) although wilting, basal rot and 
leaf death symptoms were present in two of the cv. Green Diamond plants. 
Symptoms of basal stem rot in cv. Green Diamond inoculated with treatment BRIP 
65270a (F. solani) are shown in Fig. 9. There were no obvious signs of infection in 
cv. Regur treatment BRIP 65270a (F. solani). No internal discolouration of the 
vascular tissues developed in any treatment, and the control treatment remained 
healthy. Both F. solani and F. acutatum were reisolated from the cv. Green Diamond 
treatments BRIP 65270a and BRIP 65308a, respectively. No Fusarium species were 
retrieved from the cv. Regur treatments. 
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Table 13. Incidence of Fusarium wilt, based on external symptoms at approximately 
80 days after sowing, in two cultivars of mungbean, inoculated at 42-days-old, using 
the spore suspension technique (n = 8 per cultivar over the two trials) 
 
Isolate Fusarium 
species 
Incidence of wilt (%) 
cv. Green Diamond cv. Regur 
Trial 1 Trial 2 Trial 1 Trial 2 
Control - 0 0 0 25 
BRIP 65308a F. acutatum 100 75 25 25 
BRIP 65270a F. solani 50 25 0 0 
 
 
Tables 14 and 15 demonstrate the results of a logistic regression analysis, which 
showed an overall significant effect of cultivar (P=0.022) and isolate (P=0.016), 
indicating that the ranking of cultivars was consistent across the isolates, where cv. 
Green Diamond was more susceptible to both Fusarium species than cv. Regur. 
The analysis demonstrated that the results were consistent across the two trials. 
Isolate BRIP 65308a (F. acutatum) produced significantly more disease than isolate 
BRIP 65270a (F. solani) and the control.  
 
Table 14. Comparison of two mungbean cultivars on the incidence of Fusarium wilt 
using the spore suspension technique   
 
Variety Proportion incidence of wilta 
GreenDiamond 0.39a 
Regur 0.06b 
aValues followed by a common letter are not significantly different at P<0.05 
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Table 15. Incidence of Fusarium wilt caused by Fusarium acutatum and F. solani, 
compared to the control treatment using the spore suspension technique  
 
Isolate Proportion incidence of wilta 
BRIP 65308a (F. acutatum) 0.58a 
BRIP 65270a (F. solani) 0.13b 
control 0.04b 
aValues followed by a common letter are not significantly different at P<0.05 
 
 
 
 
Fig. 8. Fusarium wilt symptoms caused by F. acutatum (BRIP 65308a) in cv. Green 
Diamond using the spore suspension technique  
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Fig. 9. Basal stem rot in mungbean plant, cv. Green Diamond, inoculated with F. 
solani (BRIP 65270a) using the spore suspension technique  
 
 
Agar Plug Technique 
 
When agar plugs with mycelia were used as inoculum Fusarium wilt symptoms 
developed in all treatments except the control treatment (Table 16). At 14 days after 
inoculation, all treatments began to wilt except those inoculated with BRIP 65348a 
(F. oxysporum), the mixed F. oxysporum and F. solani treatment (BRIP 65273a + 
BRIP 65268a), and the control. All treatments, except the control, developed a basal 
stem rot around the point of inoculation. Internal discolouration of the vascular tissue 
was present in all treatments. In addition to wilt and basal rot symptoms, the 
inoculated cv. Green Diamond plants lost their lower leaves and petioles. Fig. 10 
displays the more extensive basal stem rot symptoms caused by F. oxysporum in 
cv. Green Diamond compared to cv. Regur. Although all treatments, except the 
control, produced symptoms of Fusarium wilt, the symptoms were less pronounced 
than those observed in the field. Fusarium oxysporum was re-isolated from diseased 
tissues in treatments BRIP 65273a, BRIP 65294a, BRIP 65301a, BRIP 65348a, and 
BRIP 65359a, whilst F. solani was re-isolated from diseased tissues in treatments 
BRIP 65268a, BRIP 65295a, BRIP 65305a, and BRIP 65353a.  
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Table 16. Incidence of Fusarium wilt, based on external symptoms at approximately 
80 days after sowing,  in two mungbean cultivars previously wounded then 
inoculated with an agar plug containing different Fusarium isolates, as per the agar 
plug technique (n = 10 per cultivar over the two trials) 
 
Isolate Fusarium species Incidence of wilt (%)  
cv. Green Diamond cv. Regur 
Trial 1 Trial 2 Trial 1 Trial 2 
Control - 0 0 0 0 
BRIP 65273a F. oxysporum 100 80 100 100 
BRIP 65294a F. oxysporum 100 100 100 80 
BRIP 65301a  F. oxysporum 100 100 100 100 
BRIP 65348a F. oxysporum 100 80 100 80 
BRIP 65359a F. oxysporum 100 80 100 100 
BRIP 65353a F. solani 100 100 100 100 
BRIP 65268a F. solani 100 60 100 100 
BRIP 65295a F. solani 100 100 100 100 
BRIP 65305a F. solani 100 80 100 80 
BRIP 65273a + BRIP 65268a F. oxysporum + F. solani 100 80 100 80 
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Fig. 10. Development of basal stem rot caused by F. oxysporum (BRIP 65301a) 
during pathogenicity testing using the agar plug technique. (a) cv. Green Diamond 
shows more extensive basal stem rot compared to (b) cv. Regur 
 
Toothpick Technique 
 
Wilting and lower leaf death developed in all F. solani treatments, BRIP 65268a, 
BRIP 65295a, and BRIP 65353a, and the one F. oxysporum treatment, BRIP 
65348a (Table 17). The control treatment and the other F. oxysporum treatments, 
BRIP 65273a and BRIP 65359a, remained healthy. Fusarium solani was re-isolated 
from treatments BRIP 65268a, BRIP 65295a, and BRIP 65353a, whilst F. 
oxysporum was re-isolated from diseased tissues in treatment BRIP 65348a. Similar 
to the agar plug technique, although Fusarium wilt symptoms developed in some 
treatments, the symptoms were not as pronounced as those observed in the field. 
(a) (b) 
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Table 17. Incidence of Fusarium wilt in cv. Berken plants, based on external 
symptoms at approximately 80 days after sowing, that were inoculated with different 
Fusarium isolates using the toothpick technique (n=6 over the two trials)  
 
Isolate Fusarium species 
Incidence of wilt (%)  
Trial 1 Trial 2 
Control - 0 0 
BRIP 65273a F. oxysporum 0 0 
BRIP 65348a F. oxysporum 100 100 
BRIP 65359a F. oxysporum 0 33 
BRIP 65268a F. solani 100 66 
BRIP 65295a F. solani 100 100 
BRIP 65353a F. solani 100 100 
 
 
Millet Inoculum – Layer 
 
After sowing seed into pots containing a layer of inoculated millet and standard 
potting mix, all seedlings inoculated with F. oxysporum isolates BRIP 65282a and 
BRIP 65294a, and F. solani isolates BRIP 65305a and BRIP 65353a, and a mixture 
of BRIP 65282a + BRIP 65353a remained healthy. 
 
Seedlings growing in pots containing a layer of inoculated millet and sterile 
vermiculite developed wilt symptoms. The impact of using different inoculum 
dosages on Fusarium wilt severity is displayed in Table 18. Results of the data 
analysis showed a significant interaction of inoculum dosage with isolate for both 
plant height, root length and percentage of discoloured root tissue (P<0.001). The 
analysis demonstrated that the results were consistent across the two trials. Disease 
symptoms were more severe in the 6 g and 10 g inoculum rates compared to the 1 g 
inoculum rate, and symptoms were significantly more severe in the three fungal 
treatments compared to the control. Isolate BRIP 65399a (F. oxysporum) 
significantly reduced plant heights in the 6 g and 10 g inoculum rates compared to 
the other treatments. Tap root lengths were signifantly shorter in the BRIP 65399a 
(F. oxysporum) treatment at the 1 g and 10 g inoculum dosages, but were not 
significantly different at the 6 g rate. The mixed treatment, BRIP 65399a + BRIP 
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65389a, caused disease symptoms that were not as severe as BRIP 65399a (F. 
oxysporum) alone. Fusarium solani was re-isolated from diseased tissues in 
treatments BRIP 65389a and F. oxysporum from treatment BRIP 65399a in both 
cultivars. Both F. solani and F. oxysporum were retrieved from the mixed treatment 
BRIP 65399a + BRIP 65389a. 
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Table 18. Incidence of Fusarium wilt, based on external symptoms at 28 days after inoculation, when using varying inoculum dosages 
of millet for different Fusarium isolates on cv. Berken seedlings in vermiculite based growing medium (n=18 over the two trials)  
Isolate123 
Trial 1 Trial 2 
 
Inoculum 
dosage (g) 
Incidence 
of wilt (%) 
Root 
length 
(cm)a 
Plant 
height 
(cm)a 
Percentage of root 
tissue with 
discolouration (%)a 
 
Incidence 
of wilt (%) 
Root 
length 
(cm) 
Plant 
height 
(cm) 
Percentage of root 
tissue with 
discolouration (%) 
Control - 0 21a 18a 0g 
 
0 21 19 0 
BRIP 65389a2 1 11 22a 17b 10f 
 
22 20 17 10 
BRIP 65389a2 6 66 12cd 14d 60b  55 12 14 60 
BRIP 65389a2 10 22 7f 13d 70b  44 8 10 60 
BRIP 65399a1 1 22 12cd 13d 30d  11 13 14 30 
BRIP 65399a1 6 66 10de 8f 60b  55 11 9 60 
BRIP 65399a1 10 100 - - 100a  88 10 14 90 
BRIP 65399a + BRIP 65389a3 1 22 18b 17ab 20e  11 19 19 20 
BRIP 65399a + BRIP 65389a3 6 0 12c 15c 40c  11 13 15 40 
BRIP 65399a + BRIP 65389a3 10 88 10e 10e 60b  77 - - 60 
aValues followed by a common letter are not significantly different at P<0.05 using a logistic regression model 
1F. oxysporum, 2F. solani, 3F. oxysporum + F. solani 
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Following inoculation with 6 g millet inoculum using the inoculated millet layer 
technique with further isolates, wilt symptoms developed in all treatments except the 
control within 21 days after sowing. Fig. 11 displays the wilted seedlings in the F. 
oxysporum treatment (BRIP 65282a) compared to the healthy control plants. The 
incidence (%) of Fusarium wilt observed in the different treatments is shown in Table 
19. Fusarium solani was re-isolated from treatments BRIP 65268a, BRIP 65270a, 
BRIP 65271a, BRIP 65272a, BRIP 65295a, and BRIP 65353a, whilst F. oxysporum 
was re-isolated from treatments BRIP 65269a, BRIP 65273a, BRIP 65276a, BRIP 
65282a, and BRIP 65359a.  
 
 
Fig. 11. Wilting symptoms caused by Fusarium species during pathogenicity testing 
using the inoculated millet layer technique. (a) Healthy plants in the control 
treatment compared to (b) wilting and death in seedlings inoculated with F. 
oxysporum (BRIP 65282a)  
 
 
 
 
 
 
 
 
 
(a) 
(b) 
154 
 
Table 19. Incidence  of Fusarium wilt, based on external symptoms made at 28 
days after inoculation, on seedlings cv. Berken caused by different Fusarium 
isolates using the millet layer inoculum technique (n=18 over the two trials) 
Isolate Fusarium species Incidence of wilt (%) 
Trial 1 Trial 2 
Control - 0 0 
BRIP 65269a F. oxysporum 89 78 
BRIP 65273a F. oxysporum 89 100 
BRIP 65276a F. oxysporum 56 67 
BRIP 65282a F. oxysporum 100 78 
BRIP 65359a F. oxysporum 100 100 
BRIP 65268a F. solani 89 78 
BRIP 65270a F. solani 22 22 
BRIP 65271a F. solani 56 56 
BRIP 65272a F. solani 45 33 
BRIP 65295a F. solani 100 89 
BRIP 65353a F. solani 67 56 
BRIP 65268a + BRIP 65282a F. solani + F. oxysporum 78 78 
 
 
Following inoculation of cv. Berken seedlings using the inoculated millet layer 
technique, the lengths of tap roots and plant heights were measured in treatments 
BRIP 65268a (F. solani), BRIP 65282a (F. oxysporum), and  the mixed treatment,  
BRIP 65268a + BRIP 65282a (Table 20).  Data analysis found results to be 
consistent across the two trials. Results showed a significant effect of isolate on 
both plant height and root length (P<0.001), and incidence of root and basal rot 
(P=0.003). Isolate BRIP 65282a (F. oxysporum) significantly reduced root length 
and had a higher incidence of root and basal rot compared to the other treatments. 
All treatments produced significantly more disease than the control. The mixed 
treatment caused significantly shorter root lengths and plant heights than BRIP 
65268a (F. solani), but not as severe as BRIP 65282a (F. oxysporum) alone. 
Fusarium solani was re-isolated from treatment BRIP 65268a, and F. oxysporum 
from treatment BRIP 65282a. Both F. solani and F. oxysporum were retrieved from 
the mixed treatment BRIP 65268a + BRIP 65282a.  
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Table 20. Influence of F. oxysporum, F. solani or a mixture of both F. oxysporum 
and F. solani on the incidence of Fusarium wilt and root rot, root length, and plant 
height at 28 days after inoculation, on seedlings cv. Berken using the inoculated 
millet layer technique (n=18 over the two trials)  
 
Isolate Trial 1 Trial 2 
Incidence 
of wilt 
(%) 
Root 
length 
(cm)a 
Plant 
height 
(cm)a 
Incidence 
of root 
and 
basal rot 
(%)a 
Incidence 
of wilt 
(%) 
Root 
length 
(cm) 
Plant 
height 
(cm) 
Incidence 
of root 
and 
basal rot 
(%) 
Control 0 17a 24a 0c 0 19 21 0 
BRIP 65282a (F. oxysporum) 100 1.5d 10c 100a 78 2 10 90 
BRIP 65268a (F. solani) 89 6b 18b 56b 78 7 17 56 
BRIP 65282a + BRIP 65268a 78 3c 10c 67b 78 4 10 56 
aValues followed by a common letter are not significantly different at P<0.05 using a 
logistic regression model 
 
After inoculation of different cultivars with BRIP 65399a (F. oxysporum) and BRIP 
65389a (F. solani) using the inoculated millet layer technique, the incidence of 
seedling wilt was measured, results presented in Fig. 12. Low to moderate 
incidences of wilt developed in all treatments, including the control. Statistical 
analysis of the data showed a significant interaction between variety and isolate 
(P<0.001) and consistent results across the two trials. There were significantly 
higher levels of wilt in cv. Green Diamond in the F. oxysporum treatment (BRIP 
65399a) compared to cv. Regur and the control, although wilt was significantly 
higher in cv. Regur in the treatment BRIP 65389a (F. solani), however the incidence 
of wilt in the control treatment deems these findings questionable (Fig. 12).  
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Fig. 12. Incidence of wilt in cv. Green Diamond and cv. Regur using the millet layer 
inoculum technique. Values with common letter are not significantly different from 
one another (P<0.001) using a logistic regression model 
 
 
Millet Inoculum – Surface 
 
Approximately 4 weeks after inoculation using the millet inoculum surface technique, 
wilt developed in F. solani treatments (BRIP 65268a and BRIP 65353a), and F. 
oxysporum treatments (BRIP 65348a and BRIP 65359a) (Table 21). Two of the four 
plants died in treatment BRIP 65353a (F. solani) in trial 1. Wilting occurred in at 
least one plant in each treatment, including the control, in trial 2. No symptoms of 
basal rot or internal discolouration of vascular tissues developed in any plant. 
Fusarium solani was re-isolated from diseased tissues in treatment BRIP 65353a. 
Despite the symptoms of wilt, no fungi were re-isolated from any other treatment 
and Koch’s postulates could be not be confirmed.  
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Table 21. Incidence of Fusarium wilt based on external symptoms at approximately 
80 days after sowing, on mungbean plants, cv. Berken, inoculated with different 
Fusarium isolates using the millet surface layer technique (n=8 over the two trials) 
 
Isolate Fusarium species Incidence of wilt (%) 
Trial 1 Trial 2 
Control - 0 25 
BRIP 65273a F. oxysporum 0 25 
BRIP 65348a F. oxysporum 100 75 
BRIP 65359a F. oxysporum 100 100 
BRIP 65268a F. solani 100 75 
BRIP 65295a F. solani 0 25 
BRIP 65353a F. solani 100 75 
 
 
Millet Inoculum – at Root Zone 
 
Approximately 4 weeks after inoculation using 1 g dosage of millet inoculum at the 
root zone, wilt occurred in treatments BRIP 65268a (F. solani) and BRIP 65273a (F. 
oxysporum) (Table 22). A basal stem rot and lower leaf death developed in 
treatments BRIP 65268a (F. solani), BRIP 65273a (F. oxysporum), BRIP 65389a (F. 
solani), and BRIP 65399a (F. oxysporum). Only one plant from treatment BRIP 
65295a (F. solani) developed a basal stem rot and had death of lower leaves in the 
second trial. No internal discolouration of vascular tissues developed in any 
treatment. Fusarium oxysporum was re-isolated from diseased tissues in treatments 
BRIP 65273a and BRIP 65399a, whilst F. solani was retrieved from plants in 
treatments BRIP 65268a and BRIP 65389a. No fungi were retrieved from the one 
symptomatic plant from treatment BRIP 65295a. 
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Table 22. Incidenceof Fusarium wilt, based on external symptoms at approximately 
80 days after sowing,on mungbean plants, cv. Berken, inoculated with different 
Fusarium isolates using the inoculated millet inoculum at the root zone technique 
(n=8 over the two trials) 
Isolate Fusarium species Incidence of wilt (%) 
Trial 1 Trial 2 
Control - 0 0 
BRIP 65273a F. oxysporum 100 75 
BRIP 65399a F. oxysporum 100 100 
BRIP 65268a F. solani 100 75 
BRIP 65295a F. solani 0 25 
BRIP 65389a F. solani 100 100 
 
 
4.4 Discussion 
 
The results of the study confirm that both F. oxysporum and F. solani were the 
dominant species associated with Fusarium wilt in mungbean crops throughout Qld 
during seasons within the period from 2011 to 2016. These two species comprised 
82.5% of the total isolates collected during the study, and were isolated at similar 
frequencies from mungbean plants symptomatic of wilt, and were detected at a 
similar number of field sites. In some instances both species were detected within a 
single field site. These results corroborate those found outside of Australia whereby 
F. oxysporum and species within the F. solani species complex have been 
associated with wilt and root rot in mungbean (Anderson, 1985, Schuerger, 1991, 
Schuerger & Mitchell, 1992, Henriquez et al., 2014, O'Donnell et al., 2010, Aoki & 
O'Donnell, 2005, Aoki et al., 2003, Aoki et al., 2012a, Haseeb et al., 2005, Sharma 
et al., 2005b, Sharma et al., 2005a).  
 
The taxonomy of both F. oxysporum and F. solani has changed over the last 20 
years as new molecular techniques reveal further discrepancies within the species 
current taxonomy. Recent analyses of DNA sequences have indicated that the F. 
solani species complex comprises at least 60 phylogenetically distinct species (Aoki 
& O'Donnell, 2005, Aoki et al., 2014, O'Donnell et al., 2000), whilst the F. oxysporum 
species complex is comprised of at least two (O'Donnell & Cigelnik, 1997). Studies 
investigating the heritage of the soybean and bean root rot pathogen clade 2 of the 
F. solani species complex, suggest that it is comprised of seven separate species, 
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including F. tucumaniae, F. virguliforme, F. brasiliense, F. crassistipitatum, F. 
azukicola, F. phaseoli and F. cuneirostrum (Aoki et al., 2014). This study reports the 
phylogenetic analysis of ten Fusarium isolates obtained from diseased mungbean 
plants from crops in southern Qld between 2011 and 2016. The DNA sequence 
analysis based on ITS and TEF 1-α correlate with the initial identifications which 
were based on morphological characters alone, suggesting that the identification of 
each species complex can be achieved with confidence using morphological 
characters alone. However, the results of the phylogenetic analysis suggest that 
variation exists within the Fusarium species isolated from mungbean plants in 
Australia, perhaps indicating several sub-species of F. oxysporum and F. solani are 
associated with the disease. The isolated species within the F. solani species 
complex appear to differ to those identified as the soybean and bean root rot 
pathogens of F. solani clade 2. Further studies should be undertaken to assess the 
diversity of species obtained from affected mungbean tissues.  
 
This study is the first to report the occurrence and pathogenicity of both F. 
oxysporum and F. solani on mungbean plants in Australia. The pathogenicity of a 
number of F. oxysporum and F. solani isolates in the study were confirmed on 
mungbean plants using the principles of Koch’s postulates. An inoculation technique 
using a layer of inoculated millet and sterile vermiculite in pots was found to 
successfullyproduce symptoms of Fusarium wilt during the study. There was some 
indication in this study that F. oxysporum may cause more severe symptoms on 
mungbean than F. solani, although these findings were not significant.   
 
Reproduction of Fusarium wilt symptoms on mungbean have been reported to be 
difficult in previous studies (Anderson, 1985). Similarly in this study, despite a range 
of pathogenicity techniques trialled in the study, it was difficult to reproduce the 
classic Fusarium wilt symptoms which were observed on affected mungbean plants 
grown under field conditions. The study found that wilt symptoms were clearly 
expressed when using inoculum millet as a 6 g layer within pots containing sterile 
vermiculite, although the technique was not successful in trays. Future research 
should further investigate this technique to determine whether it is adequate to 
differentiate relative levels of resistance to the Fusarium wilt pathogens between 
different mungbean cultivars. 
160 
 
 
Outside of Australia, several techniques have been trialled to assess the 
pathogenicity of Fusarium species on mungbean with limited success. An earlier 
study on mungbean by Anderson (1985) failed to produce reliable disease 
symptoms in a glasshouse trial using a technique that involved growing plants in 
pots containing a mixture of potting mix and F. oxysporum inoculum. Subsequent 
trials using a root dip technique also failed to demonstrate pathogenicity of F. 
oxysporum on mungbean (Anderson, 1985), although root dip techniques are 
routinely used to screen cotton germplasm for resistance to F. oxysporum f. sp. 
vasinfectum (Wang et al. 1999). However, a spore suspension technique was 
trialled in 1992 and confirmed the pathogenicity of F. solani f. sp. phaseoli on 
mungbean grown in hydroponic solutions (Schuerger & Mitchell, 1992). Aoki et al. 
(2012b) also successfully assessed the pathogenicity of a number of isolates within 
the F. solani species complex to mungbean, azuki bean, kidney bean and soybean 
using infected sorghum grain as inoculum. The study by Aoki et al. (2012) confirmed 
that a number of isolates within the F. solani species complex produced symptoms 
of root rot and reduced plant heights of inoculated mungbean plants, however the 
inoculated plants did not produce any foliar symptoms, such as those typically 
observed in the field.  
 
There are a number of possible causes for the inconsistency in results between 
pathogenicity tests experienced in this study and previous studies on Fusarium wilt 
in mungbean. The results of the phylogenetic analysis in the study demonstrated the 
variation existing within the species isolated from symptomatic plants. It is possible 
that these differences are contributing to differences in pathogenicity between 
individual isolates. A number of isolates were used in pathogenicity techniques to 
help differentiate differences in isolates, particularly those that may be non-
pathogenic or weak pathogens. It is also possible that not enough replicates were 
used in some of the pathogenicity techniques to produce disease symptoms and 
differentiate differences between isolates, species and cultivars tested.  
 
It may be possible that very specific environmental conditions are required to 
successfully infect plants and obtain disease symptoms. Infection may only occur if 
a certain temperature, pH, humidity, and level of aeration and light are maintained 
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for a length of time. Perhaps the use of γ-irradiated soil would have been beneficial 
in the pathogenicity tests as it has generally has less drastic implications on the soil 
properties (Thompson, 1990). However, a study by Thompson (1990) reported that 
the wheat pathogen, F. graminearum, was not eliminated at 5 kGy, and that the use 
of another soil sterilization method may be more beneficial with some pathogens. It 
is now known what environmental conditions are required for infection and disease 
development of F. oxysporum and F. solani in mungbean. Symptoms of Fusarium 
wilt in cotton, another summer crop grown in Queensland, are favoured by 
temperatures in the range of 18-23ºC (Wang et al. 1999). During the study, 
pathogenicity techniques were undertaken under similar temperatures required for 
the development of Fusarium wilt in cotton.  
 
The soil properties, including moisture status, are likely contributing to infection and 
colonisation of host tissues. Perhaps a specific quantity of fungal inoculum is 
required, or even spore type, to produce infection and disease expression. A review 
into the inoculation techniques used to assess resistance to the Fusarium wilt 
pathogen in cotton, F. oxysporum f. sp. vasinfectum, found that different inoculation 
methods resulted in varying levels of disease in the same genotype (Potter, 2005). 
Potter (2005) concluded that this was likely due to differences in the host or 
pathogen, such as the amount of inoculum used, the age of plant, whether the plant 
was stressed, and the amount of time the host was in contact with the fungal 
inoculum. Wang et al. (1999) found that Fusarium wilt was most severe in one-
week-old cotton seedlings inoculated with >1 x 106 spores per mL, grown in a 
slightly acidic inoculum (pH 4.0-5.5) at 18-23ºC. In contrast, a separate study on 
beans found that root rot caused by F. solani f. sp. phaseoli was less severe in soils 
with pH of 5.6 or lower and exchangeable aluminium contents of 0.4 meq/100 g soil 
or above, likely due to reduced germination of macroconidia (Furuya et al., 1999). 
Anecodotal evidence and the findings in this study indicate that the disease in 
mungbean is more severe in heavy clay soils, however further research is needed to 
determine to confirm these findings and investigate the severity of Fusarium wilt in 
soils with different pH levels.  
 
Many Fusarium species can survive as saprophytes and have been recovered from 
symptomless, non-host plants, allowing the pathogen to survive between cropping 
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seasons (Dhingra & Netto, 2001, Leslie & Summerell, 2006). It is possible that some 
of the F. oxysporum and F. solani isolates collected during the current study were 
surviving on symptomatic tissues as saprophytes, and therefore may have not 
caused disease symptoms during pathogenicity testing. There is also research to 
suggest that some Fusarium species initially act as a biotrophic pathogen before 
changing to a necrotroph (Diener, 2007). Another possibility for the inconsistencies 
in the results of the pathogenicity tests could be that if multiple species are 
associated with the disease, then perhaps there is a specific requirement where one 
fungal species colonises the host first, or they both colonise the host in order to 
produce classic disease symptoms.  
 
Both F. solani and F. oxysporum are found worldwide and are pathogens of many 
plant species (Leslie & Summerell, 2006). Fusarium solani is known to cause foot 
and root rots in many plant species, whilst F. oxysporum is an important vascular 
wilt pathogen, and is also responsible for many crown and root rots (Leslie & 
Summerell, 2006). This current study demonstrated that both species were isolated 
from all sections of stems and roots of diseased plants at similar frequencies, and 
that F. solani was not restricted to the root and basal stem tissues. The study found 
that both species could be isolated from discoloured vascular tissues of the stems 
as far as 16 cm above the soil level.  
 
During the study, F. oxysporum and F. solani were occasionally isolated from a 
single symptomatic plant. The results of the pathogenicity testing during the study 
indicate that when both species are present F. solani may suppress the growth of F. 
oxysporum, as symptoms were often less severe on plants inoculated with both 
species compared to F. oxysporum alone. Similar results have been observed in 
peas when the severity of wilt is significantly less in plants inoculated with both F. 
oxysporum f. sp. pisi and F. solani f. sp. pisi (Buxton & Perry, 1959, Perry, 1959). 
According to Perry (1959), F. solani colonised the epidermis and outer cortex 
tissues of pea roots more extensively and at a faster rate than F. oxysporum, and 
the changes in the cortex tissues alone may have resulted in the delayed 
colonisation of F. oxysporum. Interactions between fungal species is complex and 
further research is warranted to investigate the relationship between the F. solani 
and F. oxysporum isolates collected during the study. 
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Many Fusarium species survive in diseased plant tissues as saprophytic colonisers 
(Dhingra & Netto, 2001). A total of eight Fusarium species were isolated from 
symptomatic mungbean plants in this study. Species within the F. incarnatum-
equiseti and F. fujikuroi species complexes, F. compactum, F. proliferatum and F. 
subglutinans were isolated at a low frequency from symptomatic plants during the 
study. The low incidence of isolation of these fungi and results from pathogenicity 
testing indicate that they are most likely acting as saprophytic colonisers of the 
decayed mungbean tissues. 
 
Fusarium acutatum was only isolated from one diseased plant during the study. 
Little is understood about F. acutatum, although it has previously been reported to 
cause wilt in pigeon pea (Cajanus cajun) (Leslie & Summerell, 2006). Pathogenicity 
testing during this study indicates that F. acutatum is also pathogenic on mungbean, 
however as it was only isolated from a single plant during surveys it is likely to be a 
less important pathogen on mungbean in Queensland than F. oxysporum and F. 
solani.  
 
Anecdotal observations from growers, researchers, and agronomists report that 
Fusarium wilt on mungbean has been present in Australia for over a decade, 
causing little concern to most mungbean growers. However, in the last five years 
there has been a higher incidence and severity of the disease reported in mungbean 
crops throughout Queensland. The disease is often observed at low incidence, 
scattered throughout most crops, however within the last five years the disease has 
been reported in individual paddocks with an incidence as high as 80% across large 
areas. There are a number of possible reasons why the incidence of Fusarium wilt is 
becoming more severe in more paddocks throughout Australia. Species within both 
the F. oxysporum and F. solani species complexes produce chlamydospores that 
will survive in soil for many years, and spread to neighbouring properties through 
movement of soil and water (Leslie & Summerell, 2006, Elmer, 2012). It is not 
currently known whether these species are spread via airborne spores or within 
infected seed. A number of formae speciales of F. oxysporum have been reported to 
produce conidia on the stems of plants, which may easily spread to other properties 
via wind (Elmer, 2012). The area of mungbean production in Australia has also 
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increased in recent years (ABARES, 2014). Due to the high commodity price of 
mungbean, and the benefit of being a quick-growing legume, some growers have 
ignored advice on crop rotations and grown mungbean over successive growing 
seasons. Consequently, the potential for Fusarium inoculum in the soil to increase is 
greater and under conducive conditions this may contribute to severe disease 
outbreaks.  
 
Another possible cause of the higher disease incidence reported in recent years 
could be attributed to the increasing practice of minimum or no-tillage. Conventional 
tillage practices have historically been used throughout Queensland to control 
weeds, remove stubble for disease control, prevent nutrient tie-up, and creating a 
soil tilth for the following crop (Thomas et al., 2007). Tillage practices remove or 
bury most of the crop debris that may be serving as a refuge for many pathogens, 
and also effectively destroy any volunteer plants that may harbour pathogens 
between seasons (Thomas et al., 2007). However, according to Bowden (2016), 
many pathogens benefit when the crop stubble is left on the soil surface. Studies on 
wheat in southern Queensland found that levels of crown rot (caused by F. 
graminearum) increased when surface stubble was retained compared to when 
stubble was removed (Wildermuth et al., 1997). Another study on Fusarium wilt in 
common bean, caused by F. oxysporum f. sp. phaseoli, reported that the incidence 
of disease increased under no-tillage systems (Toledo-Souza et al., 2012). It is not 
known how tillage practices influence the level of Fusarium wilt in mungbeans in 
Australia, although it is plausible that the incidence of wilt increases with minimum 
tillage, similar to the crown rot pathogen in wheat. 
 
Diseases caused by F. oxysporum and F. solani are thought to be best managed 
through practices involving the development of host plant resistance and various 
biological and chemical control measures. It is recommended that growers avoid 
paddocks previously infected with Fusarium wilt for a number of years, and practise 
rotations with non-host crops (Brayford, 1997). The results of this study indicate that 
V. mungo, cv. Regur, has some resistance to the mungbean Fusarium wilt 
pathogens although further screening should be undertaken under both field and 
glasshouse conditions to confirm these findings. 
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This study has provided valuable information on the species associated with 
Fusarium wilt of mungbean in Australia. In order to develop future integrated 
disease management strategies, further research is needed to review the taxonomy 
of the species involved and determine which formae speciales are causing the 
disease in Australia. The phylogenetic analysis in this study revealed variation within 
the species isolated from mungbean plants and further research is needed to 
confirm their identification. Long term, reliable, management of the disease in the 
field will largely depend on breeding for resistance to the Fusarium wilt pathogens. 
There is a need to develop a reliable pathogenicity test so that current cultivars and 
advanced breeding lines can be screened for their levels of relative resistance to the 
identified pathogens. Crop rotations and tillage practices will also need to be 
considered within an integrated disease management strategy. It is important that 
alternative hosts be identified in future research efforts. Without knowing what other 
hosts may be associated with the disease, little advice can be offered to growers on 
crop rotations. There is also a need to investigate the role that tillage practices have 
on the amount of disease inoculum carried over between cropping seasons.  
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The research presented in this study has provided valuable insight into the diversity 
of Fusarium species associated with grain sorghum and mungbean in eastern 
Australia. A total of nine Fusarium species were isolated from the symptomatic 
seedling, stalk, panicle, and stubble tissues from grain sorghum, whilst eight 
Fusarium species were isolated from symptomatic mungbean tissues.  
 
 
Key findings in sorghum 
 
Fusarium thapsinum was the dominant sorghum stalk rot pathogen identified, and 
was the most prevalent species associated with stalk rot in all regions surveyed 
during the 2009-2011 cropping seasons. Fusarium andiyazi was also confirmed as 
an important coloniser of grain sorghum in eastern Australia, being the second most 
prevalent species isolated from symptomatic stalks and stubble. These results 
support observations by Petrovic (2007) in a previous study conducted in New 
South Wales as well as reports from overseas that both F. andiyazi and F. 
thapsinum are important stalk rot pathogens in grain sorghum (Leslie & Marasas, 
2002).  
 
The epidemiology of Fusarium species causing sorghum diseases has not until now 
been well understood. In this study, seedling infection by both F. andiyazi and F. 
thapsinum was apparent and such infections appear to remain quiescent until 
conditions, such as plant stress, become favourable for disease development. Both 
species were isolated from stubble and then from symptomatic seedlings, stalks, 
and panicles. Throughout this study it was observed that sorghum plants with 
diseased stalks would often exhibit symptoms of root rot, indicating perhaps that the 
fungi that infected the roots initially at the seedling stage then progressed to the 
stalks, causing stalk rot. Reed et al. (1983) made a similar suggestion that 
colonisation of root tissues may be one of the avenues to later infection in stalks. 
The fungi may then persist in the stalk tissue as necrotrophs, surviving between 
cropping seasons on the residual stubble. The incidence of these species in the root 
tissue in a crop does imply that inoculum has arisen either from carryover of  
inoculum surviving between seasons in infected plant debris, or from infected seed. 
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Previous research has suggested that species within the F. fujikuroi species 
complex can be carried over in the seed (Sumner, 1967, Claflin, 1986). 
 
It is possible that both F. thapsinum and F. andiyazi survive between cropping 
seasons as endophytes on symptomless hosts. Fusarium thapsinum has been 
reported as a host of a range of plant species, including banana, figs, maize, peanut 
and native Sorghum grasses (Walsh, 2007, Klittich et al., 1997, Leslie & Summerell, 
2006). Less is known on the host range of F. andiyazi, although a study by Walsh 
(2007) recovered the species from indigenous Australian Sorghum species. It is 
plausible that these major sorghum pathogens may survive between cropping 
seasons as endophytes on other grasses and weeds present in the paddock. Some 
Fusarium species are also able to survive between seasons and multiply through 
their sexual stage (Leslie & Summerell, 2006). Species within the F. fujikuroi species 
complex generally have a teleomorph within the Gibberella fujikuroi species 
complex, such as G. thapsina as the teleomorph of F. thapsinum (Klittich et al., 
1997), although the teleomorph of F. andiyazi has not yet been confirmed(Marasas 
et al., 2001). It is not known what rates of sexual reproduction occur in the 
Australian F. thapsinum and F. andiyazi populations. 
 
In addition to stalk rot, isolates of F. andiyazi and F. thapsinum originally obtained 
from diseased stalks were shown to cause head blight symptoms under glasshouse 
conditions, and vice versa. In the field, sorghum plants were occasionally observed 
with both stalk rot and head blight symptoms on the same plant, with both F. 
andiyazi and F. thapsinum isolated from both diseased tissues. The seasonal 
conditions may influence the incidence of stalk rot compared with head blight. 
During the wetter 2010-2011 season, symptoms of head blight were notably 
widespread in some sorghum crops. It is possible that rainfall may influence the 
amount and spread of F. andiyazi and F. thapsinum present in the stalk tissue, 
allowing it to reach the panicle and cause head blight symptoms. It could be 
hypothesised that wind and rainfall would allow air-borne or rain-splashed spores of 
the different Fusarium species to spread long distances and the higher relative 
humidity would allow the spores to invade the sorghum peduncle or panicle tissues, 
perhaps via wounds. It could also be possible that air-borne or rain-splashed spores 
enter sorghum stalks or the peduncle through the nodal tissues or through the leaf 
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sheath attachment, and then spread throughout the stalk, peduncle and panicle 
tissues. Studies in the USA have found that air-borne spores of species within the 
G. fujikuroi species complex increased in abundance during the grain development 
phase in sorghum plants (Funnell-Harris & Pedersen, 2011). Another possibility is 
that under conducive conditions, systemic activity results in earlier root or stalk 
infection leading to later infection of panicle tissues. 
 
The abundance of species from within the F. incarnatum – equiseti species complex 
obtained from sorghum panicles was a significant finding in this study. Pathogenicity 
testing confirmed that the virulence of the three isolates within the F. incarnatum – 
equiseti species complex tested on sorghum stalks and peduncles varied. Many of 
these species are thought to act as secondary invaders, surviving on the dead 
material, although previous studies have reported F. semitectum, a species within 
the F. incarnatum – equiseti species complex, to colonise sorghum roots, stalks, and 
has been associated with grain mould of sorghum (Prom et al., 2003, Zummo, 
1984). A further review of the species within the F. incarnatum – equiseti species 
complex is vital to better understand the species involved, and in particular their 
association with head blight in grain sorghum.  
 
 
Key findings in mungbean 
 
A total of eight Fusarium species were recovered from mungbean tissues exhibiting 
symptoms of Fusarium wilt. This study confirmed that species within the F. 
oxysporum and F. solani species complexes were consistently isolated from 
diseased mungbean tissues, across seasons and sites. Fusarium oxysporum is an 
important pathogen on many plant species, causing vascular wilts, damping-off, and 
crown and root rots, whereas F. solani is typically responsible for many foot and root 
rot diseases (Leslie & Summerell, 2006). Initially it was thought that the F. 
oxysporum isolates recovered during the study were responsible for the vascular wilt 
symptoms, whilst the F. solani isolates were causing the basal rot and root rot 
symptoms, however it was demonstrated that both F. oxysporum and F. solani were 
isolated from the roots, basal stem, and vascular tissues up to approximately 16 cm 
above the ground surface. Inoculations confirmed the pathogenicity of the tested 
175 
 
isolates within the F. oxysporum and F. solani species complexes on mungbean, 
although a pathogenicity technique that produced consistent results and symptoms 
that matched those seen in the paddock was difficult to achieve. Studies outside of 
Australia also found it difficult to reproduce consistent disease symptoms during 
pathogenicity testing of these two species on mungbean (Anderson, 1985, Aoki et 
al., 2012b). This study also confirmed varying levels of virulence in the tested F. 
oxysporum and F. solani isolates, although it is likely that variability may be a result 
of the differences within the fungal species themselves, as demonstrated by the 
phylogenetic analysis. It is also possible that specific conditions for infection and 
disease development were not met during pathogenicity techniques.  
  
It is possible that competition between F. oxysporum and F. solani impacts on the 
subsequent level of disease. In pathogenicity testing on mungbean when both F. 
solani and F. oxysporum were present symptoms of disease were less severe 
compared with the severity of disease caused by the one species alone. Similar 
interactions have been reported in pea (Pisum sativum L.) in the United Kingdom 
(Buxton & Perry, 1959, Perry, 1959). Interactions between fungal species are 
complex and further research is warranted to investigate the relationship between 
the F. solani and F. oxysporum isolates collected during the study to determine if 
they compete for infection sites or whether they trigger defence responses in the 
host.  
 
Chlamydospores are the long lasting spores by which many Fusarium species, 
including members of the F. oxysporum and F. solani species complexes, are 
thought to survive adverse conditions in the soil and in debris for extended periods 
(Elmer, 2012). However, the impact of chlamydospores and the life cycle in general 
of these two species in mungbean production is not well understood. Under ideal 
conditions, chlamydospores are assumed to germinate, allowing the fungus to then 
colonise the roots of mungbean seedlings through the vascular tissues. The bean 
Fusarium wilt pathogen, F. oxysporum f. sp. phaseoli, is reported to invade plants 
via wounds, natural openings, or intact roots, whereby hyphae grow intracellularly in 
the root cortex until they reach the xylem vessels (de Borba et al., 2017). Mycelium 
then spreads and colonises the upper segments of plants, causing necrosis of the 
hypocotyl tissues and stunting (Pereira et al., 2013, de Borba et al., 2017). This 
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accumulation of fungal mycelium, along with host defensive structures, often result 
in the collapse of xylem vessels, disrupting the transport of water and often leading 
to plant death (de Borba et al., 2017). Symptoms observed during this study indicate 
that when infection occurs, plants initially wilt, leaves turn yellow and defoliate, 
plants remains stunted, internal vascular tissues discolour, and often a basal rot 
develops. It is possible that the pathogens infect mungbean plants in a similar 
manner to F. oxysporum f. sp. phaseoli infecting bean. 
 
Long distance dispersal of F. oxysporum and F. solani may also occur, 
disseminating conidia to other plants or crops by wind or insects, although further 
research needs to confirm this possibility. Air-borne dispersal of F. oxysporum has 
been reported in other crops, such as cucumbers in Australia (Scarlett et al., 2015). 
It is likely that both these Fusarium species largely survive between cropping 
seasons in the soil, as pathogens of alternative hosts, or as endophytes in 
symptomless hosts, as has been reported for F. oxysporum f. sp. phaseoli and other 
crop species (Dhingra & Netto, 2001). Spread to neighbouring properties through 
the movement of infected soil, machinery, infected plant debris, or water is likely, as 
has been observed in various other crops, including cotton (Bennett et al., 2011).  
 
Fusarium wilt is currently best managed by avoiding paddocks with a history of 
disease. Predicta B is a DNA-based soil testing service developed to provide 
growers information on the quantity of pathogen inoculum present in a crop prior to 
planting (McKay et al., 2017). Presently Predicta B testing assists growers in making 
management decisions to minimise yield losses, although the test is currently only 
available for a small number of soil-borne pathogens in Australia (McKay et al., 
2017). A future Predicta B test to quantify the potential inoculum of the mungbean 
Fusarium wilt pathogens in soils would greatly benefit growers in Queensland, 
however due to the complexity and endophytic survival of F. oxysporum, a great 
amount of research would be needed to develop a test that targets a section of 
genome that is specific to the F. oxysporum formae speciales pathogenic on 
mungbean and causing Fusarium wilt. Future research is warranted to investigate 
the diversity of Fusarium species associated with Fusarium wilt in mungbean, the 
quantity of inoculum present at differing soil depths, and to quantify the yield loss 
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attributable to those differing inoculum quantities in soils, for the future development 
of a Predicta B test.  
 
There is no known sexual cycle for F. oxysporum although two mating types have 
been found (Aoki et al., 2014). The Ascomycete, Nectria haematococca has 
historically been reported to be the sexual stage of F. solani, however recent 
changes in taxonomy suggest that the teleomorph belongs within the genus 
Neocosmospora (Aoki et al., 2014). Further research is warranted to better 
understand the life cycle and host range of the Fusarium species associated with 
Fusarium wilt in mungbean.  
 
 
Diversity of Fusarium species in both sorghum and mungbean 
 
Fusarium proliferatum, F. subglutinans and species within the F. fujikuroi and In F. 
incarnatum-equiseti species complexes were isolated from both sorghum and 
mungbean tissues during the study. Glasshouse screening confirmed the 
pathogenicity of F. proliferatum and F. subglutinans on sorghum stalks and 
peduncles, and laboratory screening indicated weak pathogenicity by F. proliferatum 
and species within the F. fujikuroi species complex on mungbean seedlings. 
Fusarium proliferatum was identified in all regions surveyed during this study on 
grain sorghum, whereas F. subglutinans was only recovered from a single plant of 
both mungbean and sorghum. Both, F. proliferatum and F. subglutinans, were 
recovered from diseased sorghum and mungbean tissues at a low incidence (<5%), 
confirming earlier reports in grain sorghum (Petrovic et al., 2009). These findings 
however differ to those of earlier surveys across Victoria and Western Australia in 
the 1980s that reported F. subglutinans as the second most frequently isolated 
species from diseased sorghum stalks (Shivas, 1989). The differences in these 
findings may be due to the vastly different climatic and cropping conditions between 
the different areas of Australia. Eastern Australia is characterised by a wet summer 
and a dry winter, whilst Western Australia and Victoria experience a wet winter and 
a dry summer. Consequently, there are multiple differences in the farming systems 
of the different regions, such as planting times and sowing dates, cultivars grown, 
and farming practices, which may contribute to differences in pathogen abundance 
178 
 
and species diversity. It is for this reason that the diversity of Fusarium species 
should be studied under different environments so that future management 
strategies can target the most relevant species in each region. The low recovery of 
both F. proliferatum and F. subglutinans from both mungbean and sorghum in the 
study suggest that they are not likely to be major pathogens of either crop. 
Additionally, the low recovery of isolates within the F. incarnatum-equiseti and F. 
fujikuroi species complexes from mungbean tissues indicate they are not likely to be 
responsible for the Fusarium wilt disease. The presence of these species in 
mungbean is a significant finding to sorghum growers, as it demonstrates that these 
sorghum pathogens can survive between cropping seasons on mungbean, which 
may significantly impact and contribute to future stalk rot and head blight infections. 
 
Multiple Fusarium species were found to be present in a single plant during this 
study. In these instances, the isolates were omitted from the survey data to avoid 
bias. However, these findings demonstrate the complexity and adaptability of the 
Fusaria genus in both mungbean and grain sorghum. In such instances, it is likely 
that these fungi are surviving as endophytes, or saprophytic colonisers of the dead 
tissue, or co-existing as pathogens within the plant tissues. Many Fusarium species 
are regarded as endophytes, surviving within plants without causing any disease 
symptoms (Leslie & Summerell, 2006). Under conducive conditions, it is likely that 
the pathogenic Fusarium species colonise sorghum and mungbean tissues and 
induce disease symptoms. It is possible that more than one pathogenic species may 
invade the plant tissues, particularly if the host is already under stress. This may be 
particularly true for the Fusarium pathogens in mungbean, whereby F. solani is 
generally known as a basal or root rot pathogen and F. oxysporum as a vascular wilt 
pathogen. A mungbean plant infected with F. solani may produce basal rot 
symptoms, stressing the plant, and perhaps allowing entry of a secondary pathogen, 
eg. F. oxysporum, which may then cause symptoms of vascular wilt. Alternatively, 
early infection by F. oxysporum may cause symptoms of vascular wilt and result in 
the secondary infection of the basal rot pathogen, F. solani. Other Fusarium 
species, or additional F. solani and F. oxysporum isolates, may also act as 
secondary invaders, colonising and surviving on the necrotic tissues. The 
endophytic, saprophytic and pathogenic Fusarium species present within the single 
plant may then interact with each other, perhaps competing for resources. 
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Influence of climate and cropping practices on Fusarium diseases 
 
Differences in climate and cropping practices may influence the diversity of fungal 
species present in different crops. This study demonstrated that F. thapsinum was 
the dominant species associated with sorghum stalk rot in all regions, and across all 
seasons, except in southern Qld in the slightly cooler and wetter season of 2011, 
when F. andiyazi was more prevalent. Petrovic (2009) reported similar results where 
F. andiyazi dominated stalk rot tissues in the cooler, wetter site during a study on a 
few selected paddocks in northern New South Wales. Findings from this study also 
indicate that the wetter conditions experienced in 2011 lead to higher incidences of 
sorghum head blight. A further review of Fusarium species associated with crops 
across different climatic regions would be beneficial to determine which species are 
most prevalent under different climatic conditions.  
 
Observations over the last few years indicate that the Fusarium diseases in both 
sorghum and mungbean are increasing in incidence and severity. The reasons for 
this are not known, however it could be that an increase in sorghum and mungbean 
production, combined with many years of minimum tillage practices have gradually 
increased the amount of fungal inoculum present in the soil. It may also be that with 
increasing temperatures and decreasing rainfall, we are seeing more stress-induced 
diseases, such as those caused by Fusarium species. Also, high prices have 
encouraged some growers to be complacent about crop rotations, double cropping 
paddocks to the same crop. 
 
The most effective management strategies for these Fusarium diseases will include 
cropping practices, such as crop rotations, avoiding infected paddocks, planting 
resistant cultivars, avoiding plant stress, and perhaps using strategic tillage 
practices. There has been some success in identifying sources of resistance to the 
sorghum Fusarium pathogens in the USA (Tesso et al., 2004, Tesso et al., 2005, 
Tesso et al., 2010, Tuinstra et al., 2002), however further research needs to be 
undertaken to identify sources of resistance to the identified Fusarium pathogens in 
both sorghum and mungbean grown in Australia. Practising effective crop rotations 
180 
 
is difficult when the life cycle and host range of the pathogens involved is not fully 
understood. Lack of suitable rotations could be one reason why we are seeing an 
increase in disease incidence over time. The findings of this study reveal that 
multiple Fusarium species survive on both sorghum and mungbean, and may 
provide a means of survival between cropping seasons. Fusarium acutatum was the 
only Fusarium species reported on mungbean in this study that has not been 
reported to colonise sorghum in Australia, either in this study or by that of Petrovic 
(2009). Future research should further investigate host susceptibility to the major 
pathogens, and determine other alternate weed and crop hosts.  
 
Lack of host diversity may also create an environment that encourages disease 
development. Only a few mungbean cultivars are currently grown throughout 
eastern Australia, and field observations suggest that all current cultivars are 
susceptible to the Fusarium wilt pathogens. Studies have demonstrated that 
pathogen incidence and severity are  increased with a lower plant diversity 
(Rottstock et al., 2014). Such an environment is ideal for increasing pathogen 
inoculum over time, and consequently there has been an increase in the incidence 
and severity of the mungbean Fusarium wilt disease throughout paddocks in eastern 
Australia. 
 
A large proportion of crops growing in eastern Australia are produced under 
minimum tillage practices (Thomas et al., 2007). The impact of minimum tillage 
practices on the survival of Fusarium species affecting sorghum and mungbean in 
Australian soils is poorly understood. Recent studies on wheat in southern 
Queensland found that the incidence of crown rot (caused by species within the F. 
graminearum species complex) has increased with minimum tillage practises 
(Wildermuth et al., 1997, Page et al., 2013, Swan et al., 2000). Conventional tillage 
practices have been historically used to control weeds, remove stubble for disease 
control, prepare the soil for the next crops, and to prevent nutrient tie-up (Thomas et 
al., 2007). A reduction in conventional tillage practices has resulted in an increase in 
the amount of fungal inoculum present in the soil  the Fusarium species associated 
with head blight in wheat, maize and other grasses (Dill-Macky & Jones, 2000). It is 
plausible that minimum tillage practices in eastern Australia have led to an increase 
in the amount of fungal inoculum present in sorghum and mungbean crops, however 
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the impact of minimum tillage on the Fusarium species associated with sorghum and 
mungbean in Australia has not been studied. 
 
Current predictions in future climatic conditions suggest that there will be an 
increase in daily temperatures and a decrease in total rainfall across eastern 
Australia (CSIRO, 2015). Gradual changes in climatic conditions could be another 
reason why we are seeing a higher incidence of Fusarium diseases in grain 
sorghum and mungbean across eastern Australia today. Climatic conditions 
experienced in Australia today are becoming more extreme and are only expected 
to worsen (CSIRO, 2015). This will impact the diversity and abundance of Fusarium 
species present in crops and paddocks throughout Australia. The results in this 
study indicate that F. thapsinum will continue to be the dominant species associated 
with stalk rot in eastern Australia with increasing daily temperatures and decreasing 
rainfall expected under the current climate change predictions. Stress related 
diseases, such as sorghum stalk rot and Fusarium wilt in mungbean, will likely 
increase in incidence and severity as weather conditions become more extreme.  
 
 
Future research possibilities and conclusions 
 
While the results of this study have provided vital information on the diversity and 
pathogenicity of Fusarium species associated with grain sorghum and mungbean in 
eastern Australia, it has also raised some questions worthy for future investigation 
that are outside the scope of this current study.  
 
This study has proven that Fusarium wilt in mungbean is a complex disease. The 
taxonomy of the isolates collected from symptomatic mungbean plants should be 
studied further to gain a greater understanding of the pathogens involved. Further 
studies should perhaps compare sequences of the beta tubulin, actin, nuclear 
ribosomal intergenic spacer region (IGS rDNA), RNA polymerase II largest (RPB1) 
and second largest (RPB2) subunits, as well as the translation elongation factor 1-α 
gene, to determine a clearer understanding of the taxonomy of the pathogens, and 
determine whether any similarities exist between isolates collected during this study. 
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It is also worth investigating whether any SIX genes are present in the F. oxysporum 
isolates obtained from diseased mungbean tissues in the study. 
 
Similar to the F. oxysporum and F. solani species complexes, the species within the 
F. incarnatum-equiseti species complex are poorly understood. The role of the 
species within the F. incarnatum-equiseti species complex in Fusarium induced 
diseases of grain sorghum remains unclear, however with the consistent recovery of 
F. incarnatum-equiseti species complex isolates from diseased panicles during the 
study it is clear that further research is needed to better understand the species 
complex and its impact on sorghum panicles. Future surveys should target sorghum 
panicles grown under a range of climatic conditions, grown in different regions, and 
across different seasons to determine whether species within the F. incarnatum-
equiseti species complex remain the most prevalent species associated with 
diseased panicles.  
 
In conclusion, this research has provided valuable information on the diversity and 
abundance of Fusarium species associated with two important summer field crops in 
eastern Australia. Fusarium species are widespread through grower paddocks in 
eastern Australia, and this study demonstrated that a range of species colonise both 
sorghum and mungbean tissues. The dominant sorghum stalk rot pathogens were 
identified and future research in northern Australia can now target F. thapsinum in 
particular. Both F. oxysporum and F. solani were found to be the major pathogens 
causing Fusarium wilt in mungbean. This study demonstrated the complexity of the 
Fusarium wilt disease, and has raised further questions on the diversity of species 
involved and conditions required for infection and disease development. This study 
also detected slight differences in cultivar susceptibility to the Fusarium wilt 
pathogen in mungbean between the green gram and black gram cultivars, offering 
some sign of hope for mungbean producers. The findings of this study will contribute 
to the development of future integrated disease management strategies, which can 
now be targeted at the most prevalent species identified.  
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Appendices 
 
Appendix 1 – Media recipes 
 
1. Water agar (WA) (Leslie & Summerell, 2006) 
Add 20 g agar to a flask containing 1 L of distilled water. Autoclave for 15 min 
at 121ºC  
 
2. Carnation leaf agar (CLA) (Leslie & Summerell, 2006) 
Aseptically place sterile carnation leaf pieces (3-5 mm2) into a Petri dish then 
add sterile 2% water agar. Add approximately 5-6 leaf pieces for 60 mm 
diameter Petri dishes, and 10-12 leaf pieces for 100 mm diameter Petri 
dishes  
 
3. Potato dextrose agar (PDA) (Leslie & Summerell, 2006) 
250 g unpeeled, washed and diced potatoes are boiled until soft. Potato broth 
is collected by filtering the boiled potatoes through cheesecloth. Add 20 g 
dextrose and 20 g agar to the potato broth, then add water to make 1 L. 
Autoclave for 15 min at 121ºC 
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Appendix 2 – Protocol 1 for DNA extraction (Doyle & Doyle, 1990) 
1. Using a sterile scalpel, scrape mycelia from the surface of a fungal culture 
avoiding the agar itself and place mycelia into a fresh, sterile petri dish 
2. Label a microfuge tube and chill in liquid nitrogen 
3. Place the mycelia into a clean mortar and pestle and add liquid nitrogen. 
Once it freezes grind the mycelia into a fine powder, adding more liquid 
nitrogen when needed 
4. Complete steps 1-3 for all isolates 
5. Using sterile forceps and spatula, pick up the chilled microtube and place the 
crushed mycelia into the microfuge tube. Close the lid then freeze in liquid 
nitrogen 
6. Add 500 µL 2% Hexadecyl Trimethyl Ammonium Bromide (CTAB) and a 
pinch of Polyvinyl pyrrolidone (PVPP) to microfuge tube and shake gently 
7. Incubate the CTAB/tissue extract mixture for at least 15 min (up to one hour) 
at 60ºC in a re-circulating water bath/heater block. Invert the tubes twice to 
mix the samples during the incubation process  
8. After incubation, allow the CTAB/tissue extract mixture to reach ambient 
temperature for 1-2 min then add 500 µL of chloroform:isoamyl alcohol (24:1) 
and shake thoroughly by inverting tubes 
9. After mixing, spin the tubes in a centrifuge at 13000 rpm for 10 min 
10. Transfer the supernatant to clean microfuge tubes, then repeat steps 8-9 
11. Transfer the upper aqueous phase (contains DNA) to a clean labelled 
microfuge tube, then add 50 µL of 7.5 M Ammonium Acetate followed by 500 
µL of ice cold absolute ethanol 
12. Precipitate the DNA by inverting the tubes several times 
13. Centrifuge for 10 min at 13000 rom then pour off alcohol supernatant 
14. Wash DNA pellet by adding two changes of 500 µL ice cold 70% ethanol 
15. Centrifuge for 1 min at 13000 rpm then remove the supernatant 
16. Remove all supernatant and allow the DNA pellet to dry completely in the 
laminar flow hood 
17. Resuspend the DNA in sterile DNase free water (approximately 50-400 µL 
H2O) 
18. Incubate the DNA at 65ºC for 20 min then store at 4ºC 
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Appendix 3 – Protocol 2 for DNA extraction (Bioline, 2016) 
1. Using a sterile scalpel, scrape mycelia from the surface of a fungal culture 
avoiding the agar itself and place mycelia into a labelled, sterile microfuge 
tube 
2. Repeat step 1 for all isolates 
3. Add 180 µL Lysis Buffer GL and 25 µL Proteinase K solution to microfuge 
tube, then vortex 
4. Incubate at 70ºC on a water bath/heater block for at least 10 min, vortexing 
occasionally 
5. Remove from water bath/heater block and vortex briefly 
6. Add 200 µL Lysis Buffer G3 to microfuge tube, vortex vigourously, then 
incubate at 70ºC for 10 min in water bath/heater block 
7. Centrifuge microfuge tubes for 5 min 
8. Label new, sterile microfuge tubes, then add 210 µL absolute ethanol to each 
9. Transfer supernatant from centrifuged tubes into the freshly labelled tubes 
containing ethanol 
10. Vortex mixture 
11. Add an Isolate II Genomic DNA Spin Column into a Collection Tube. Add the 
sample to the column and centrifuge for 1 min at 13000 rpm 
12. Discard the flow-through and reuse Collection Tube 
13. Add 500 µL Wash Buffer GW1 then centrifuge for 1 min at 13000 rpm 
14. Discard flow-through and reuse the Collection Tube. Add 600 µL Wash Buffer 
GW2 to the column and centrifuge for 1 min at 13000 rpm 
15. Discard the flow-through and reuse Collection Tube, then centrifuge for 1 min 
at 13000 rpm 
16. Add preheated 100 µL Elution Bugger G into spin column. Incubate at room 
temperature for 1 min 
17. Centrifuge for 1 min at 13000 rpm 
18. Transfer solution to new, labelled microfuge tubes 
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Appendix 4 – List of mungbean Fusarium isolates (Chapter 4) 
 
Isolate (BRIP) Fusarium speciesa Origin Site  Date collected ID techniqueb Pathogenicity testc 
65268a F. solani Jondaryn 1 30/03/2011 M ST, SST, RD, RD2, SS, AP, T, ML, MS, MR 
65269a F. oxysporum Jondaryn 1 30/03/2011 Mm ST, RD, ML 
65270a F. solani Jondaryn 1 30/03/2011 Mm ST, SST, RD, RD1, SS, ML 
65271a F. solani Dalby 2 4/04/2011 M ST, RD, ML 
65272a F. solani Jondaryn 3 13/04/2011 M ST, RD, ML 
65273a F. oxysporum Malakoff 4 5/05/2011 Mm ST, SST, RD, RD2, SS, AP, T, ML, MS, MR 
65274a FIESC Malakoff 4 5/05/2011 M 
 65275a F. oxysporum Malakoff 4 5/05/2011 M 
 65276a F. oxysporum Wellcamp 5 23/03/2010 Mm ST, SST, RD, ML 
65277a FIESC Nobby 6 31/01/2014 M SST 
65278a FIESC Nobby 6 31/01/2014 M 
 65279a FIESC Nobby 6 31/01/2014 M 
 65280a F. oxysporum Nobby 6 31/01/2014 M 
 65281a  FFSC Warra 7 3/02/2014 M SST 
65347a F. oxysporum Warra 7 3/02/2014 M 
 65348a F. oxysporum Nobby 8 19/02/2014 Mm SST, RD1, RD2, SS, AP, T, MS 
- F. oxysporum Nobby 8 19/02/2014 M 
 65349a F. oxysporum Nobby 8 19/02/2014 M 
 65282a F. oxysporum Nobby 8 19/02/2014 M SST, RD2, SS, ML 
65283a F. oxysporum Nobby 9 26/02/2014 M 
 65284a F. solani Nobby 9 26/02/2014 M 
 65285a FIESC Nobby 9 26/02/2014 M SST 
65286a FIESC Nobby 9 26/02/2014 M 
 65287a F. oxysporum Nobby 9 26/02/2014 Mm 
 65288a F. oxysporum Nobby 9 26/02/2014 M 
 65289a  FFSC Nobby 9 26/02/2014 M SST 
65290a F. oxysporum Nobby 9 26/02/2014 M 
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65291a F. proliferatum Nobby 9 26/02/2014 M SST 
65294a F. oxysporum Nobby 9 26/02/2014 Mm AP, ML 
65350a F. oxysporum Nobby 9 26/02/2014 M 
 65295a F. solani Nobby 9 26/02/2014 Mm RD1, RD2, SS, AP, T, ML, MS, MR 
65296a F. solani Nobby 9 26/02/2014 M 
 65297a F. oxysporum Nobby 9 26/02/2014 M 
 65298a F. oxysporum Nobby 9 26/02/2014 Mm 
 65299a F. oxysporum Nobby 9 26/02/2014 M 
 65300a F. oxysporum Nobby 9 26/02/2014 M 
 65301a F. oxysporum Nobby 9 26/02/2014 Mm AP 
65302a F. oxysporum Nobby 9 26/02/2014 M 
 65303a F. solani Nobby 9 26/02/2014 M 
 65304a F. solani Nobby 9 26/02/2014 M 
 65305a F. solani Kingsthorpe 10 12/03/2014 Mm AP, ML 
65306a F. solani Kingsthorpe 10 12/03/2014 M 
 - F. solani Kingsthorpe 10 12/03/2014 M 
 65351a F. proliferatum Kingsthorpe 10 12/03/2014 M SST 
65307a F. oxysporum Kingsthorpe 11 19/03/2014 Mm 
 65308a F. acutatum Kingsthorpe 11 19/03/2014 Mm SS 
65353a F. solani Brookstead 12 8/04/2014 Mm SST, RD2, SS, AP, T, ML, MS 
65354a FFSC Brookstead 12 8/04/2014 M 
 65355a F. oxysporum Mondure 13 29/04/2014 M 
 65356a F. solani Mondure 13 29/04/2014 M 
 65357a F. solani Mondure 13 29/04/2014 M 
 65358a F. solani Mondure 13 29/04/2014 M 
 65359a F. oxysporum Mondure 13 29/04/2014 M RD1, RD2, SS, AP, T, ML, MS 
65360a F. solani Mondure 13 29/04/2014 M 
 65309a F. solani Warwick 14 26/03/2014 M 
 65310a F. solani Warwick 14 26/03/2014 M 
 65311a F. solani Warwick 14 26/03/2014 M 
 65312a F. solani Warwick 14 26/03/2014 M 
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65352a FFSC Warwick 14 26/03/2014 M 
 65313a F. oxysporum Kingsthorpe 15 1/04/2014 M 
 65314a F. solani Kingsthorpe 15 1/04/2014 Mm 
 65315a F. solani Kingsthorpe 15 1/04/2014 M 
 65316a F. solani Kingsthorpe 15 1/04/2014 M 
 65361a F. solani Chinchilla 16 9/02/2015 M 
 65362a F. solani Chinchilla 16 9/02/2015 M 
 65363a F. solani Chinchilla 16 9/02/2015 M 
 65364a F. oxysporum Chinchilla 16 9/02/2015 Mm 
 65365a F. solani Chinchilla 16 9/02/2015 M 
 65366a  F. compactum St George 17 20/03/2015 M 
 65367a FIESC St George 17 20/03/2015 M 
 65368a F. oxysporum Byee 18 14/04/2015 M 
 - F. oxysporum St George 19 20/03/2015 M 
 65369a FIESC Orion 20 31/03/2015 M 
 - F. oxysporum Pampas 21 1/03/2016 M 
 65370a F. solani Pampas 21 1/03/2016 M 
 65371a F. solani Pampas 21 1/03/2016 M 
 65372a F. solani Pampas 22 1/03/2016 M 
 65373a F. solani Pampas 22 1/03/2016 M 
 65374a F. solani Pampas 22 1/03/2016 M 
 65375a F. solani Pampas 23 1/03/2016 M 
 65376a F. solani Pampas 23 1/03/2016 M 
 65377a F. solani Pampas 24 1/03/2016 M 
 65378a F. solani Pampas 24 1/03/2016 M 
 - F. solani Pampas 25 1/03/2016 M 
 65379a FIESC Pampas 26 1/03/2016 Mm 
 - FFSC Pampas 26 1/03/2016 M 
 - F. oxysporum Pampas 27 1/03/2016 M 
 - F. oxysporum Pampas 28 1/03/2016 M 
 65380a F. solani Pampas 29 1/03/2016 M 
 65381a FIESC Warra 30 10/03/2015 M 
 65382a F. solani Biloela 31 14/12/2015 M 
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65383a F. subglutinans Ayr 32 3/11/2015 M 
 - F. solani Cambooya 33 10/02/2016 M 
 65384a F. oxysporum Dalby 34 16/02/2016 M 
 65385a F. solani Wowan 35 15/12/2015 M 
 65386a F. solani Wowan 35 15/12/2015 M 
 65387a F. oxysporum Chinchilla 36 16/02/2016 M 
 - F. solani Brookstead 37 16/02/2016 M 
 65388a F. oxysporum Pampas 38 17/02/2016 M 
 65389a F. solani Pampas 38 17/02/2016 M ML, MR 
65390a F. oxysporum Pampas 38 17/02/2016 M 
 65391a F. solani Pirrinuan 39 23/02/2016 M 
 65392a F. solani Pirrinuan 39 23/02/2016 M 
 65393a F. solani Pirrinuan 39 23/02/2016 M 
 65394a F. solani Pirrinuan 39 23/02/2016 M 
 65395a F. oxysporum Pirrinuan 39 23/02/2016 M 
 65396a F. oxysporum Pirrinuan 39 23/02/2016 M 
 65397a F. oxysporum Pirrinuan 40 23/02/2016 M 
 65398a F. solani Pirrinuan 40 23/02/2016 M 
 65399a F. oxysporum Westbrook 40 24/02/2016 M ML, MR 
65400a F. oxysporum Westbrook 41 24/02/2016 M 
 65401a F. oxysporum Biloela 41 26/02/2016 M 
 65402a F. oxysporum Wellcamp 42 14/03/2016 M 
 65403a F. oxysporum Irongate 43 14/03/2016 M   
aFIESC = F. incarnatum-equiseti species complex, FFSC = F. fujikuroi species complex 
bM = morphological identification, m = molecular identification  
cST = seedling test, SST = seed soaking technique, RD = root dip, RD1 = root dip mod 1, RD2 = root dip mod 2, SS = spore suspension, AP = agar plug, T = 
toothpick, ML = millet layer, MS = millet surface, MR = millet at root zone 
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Appendix 5 – Details of Pathogenicity techniques (Chapter 4) 
 
Pathogenicity 
testc 
Concentration of inoculum Age when 
inoculated 
(days) 
Age when 
assessed for 
disease 
(days) 
Number of 
replicates 
Cultivar Isolates (BRIP) 
ST 
 
 
 
5 x 104 spores/mL 10 
 
 
 
35 
 
 
 
4 
 
 
 
Berken 
 
 
 
65268a, 65269a, 65270a, 65271a, 65272a, 65273a, 65276a 
 
 
SST 
 
 
 
 
2 x 106 spores/mL 
 
0 
 
 
 
 
7 
 
 
 
 
20 
 
 
 
 
Berken 
 
 
 
 
65268a, 65270a, 65273a, 65276a, 65277a, 65281a, 
65348a, 65282a, 65285a, 65289a, 65291a, 65353a, 65351a 
 
 
RD 
 
 
 
 
1 x 106 spores/mL 
 
 
10 
 
 
 
 
31 
 
 
 
 
5 
 
 
 
 
Berken 
 
 
 
 
65268a, 65269a, 65270a, 65271a, 65272a, 65273a, 65276a 
 
 
 
RD1 
 
 
 
 
1 x 105 spores/mL 
 
 
21 
 
 
 
 
42 
 
 
 
 
10 
 
 
 
 
Berken 
 
 
 
 
65270a, 65348a, 65295a, 65348a + 65295a, 65359a 
 
 
 
RD2 
 
 
 
 
1 x 105 spores/mL 
 
 
7 
 
 
 
 
80 
 
 
 
 
4 
 
 
 
 
Berken 
 
 
 
 
65268a, 65273a, 65295a, 65353a, 65348a, 65282a, 65359a 
 
 
 
RD2 
 
 
 
 
1 x 105 spores/mL 
 
 
42 
 
 
 
 
80 
 
 
 
 
4 
 
 
 
 
Berken 
 
 
 
 
65268a, 65273a, 65295a, 65353a, 65348a, 65282a, 
65359a,  65348a + 65268a 
 
 
 
SS 
 
 
 
 
1 x 105 spores/mL 
 
 
14 
 
 
 
 
45 
 
 
 
 
4 
 
 
 
 
Berken 
 
 
 
 
65268a, 65273a, 65295a, 65353a, 65348a, 65282a, 
65359a,  65348a + 65268a, 65270a, 65308a 
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SS 
 
 
 
 
2 x 106 spores/mL 
 
 
42 
 
 
 
 
80 
 
 
 
 
4 
 
 
 
 
Regur and Green 
Diamond 
 
 
 
65270a, 65308a 
 
 
 
AP 
 
 
 
- 
 
 
 
42 
 
 
 
80 
 
 
 
5 
 
 
 
Regur and Green 
Diamond 
 
 
65268a, 65273a, 65295a, 65353a, 65348a, 65359a, 65273a 
+ 65268a, 65294a, 65301a, 65305a 
 
T 
 
 
- 
 
 
42 
 
 
80 
 
 
3 
 
 
Berken 
 
 
65268a, 65273a, 65295a, 65353a, 65348a, 65359a 
 
ML 
 
 
3 g 
 
 
0 
 
 
28 
 
 
4 
 
 
Berken 
 
 
65282a, 65294a, 65305a, 65353a, 65353a + 65282a 
 
ML 
 
 
 
1 g, 6 g, or 10 g 
 
0 
 
 
 
28 
 
 
 
9 
 
 
 
Berken 
 
 
 
65289a, 65399a, 65289a + 65399a 
 
 
ML 
 
 
6 g 
 
 
0 
 
 
28 
 
 
9 
 
 
Berken 
 
 
65268a, 65269a, 65270a, 65271a, 65272a, 65273a, 
65276a, 65282a, 65359a, 65353a, 65295a, 65268a + 
65282a 
 
ML 
 
 
 
2 g 
 
 
 
0 
 
 
 
28 
 
 
 
4 
 
 
 
Regur and Green 
Diamond 
 
65268a, 65282a, 65268a + 65282a 
MS 
 
2 g 
 
42 
 
80 
 
4 
 
Berken 
 
65273a, 65348a, 65295a, 65359a, 65268a, 65353a 
 
MR 1 g 42 80 4 Berken 65273a, 65295a, 65389a, 65268a, 65399a 
 
cST = seedling test, SST = seed soaking technique, RD = root dip, RD1 = root dip mod 1, RD2 = root dip mod 2, SS = spore suspension, AP = agar plug, T = 
toothpick, ML = millet layer, MS = millet surface, MR = millet at root zone 
 
 
222 
 
Appendix 6 – Logistic Regression Analysis (Chapter 4) 
 
Analysis for Chapter 4 Table 1  
 
A logistic regression model was used to analyse the observed incidence of 
Fusarium species isolated from mungbean plants collected between 2011 and 2016. 
Data from four years constituted the residual component of the analysis. The 
dispersion parameter was estimated at 0.86 and species was fitted as the fixed 
effect.   
 
Final Model Df denDF F.inc Pr   
Species 3 24 30.7884 <.001   
      
      
      Significant results 
    Species Predicted 
value 
Standard 
error 
Backtransformed 
mean - proportion 
of wilt 
Approx. 
se 
Subscript 
F. solani -0.25 0.17 0.44 0.04 a 
F. oxysporum -0.46 0.18 0.39 0.04 a 
F. incarnatum-equisetti 
species complex -2.34 0.30 0.09 0.02 b 
F. fujikuroi species 
complex -3.08 0.42 0.04 0.02 bc 
F. proliferatum -4.03 0.65 0.02 0.01 c 
F. acutatum -4.73 0.92 0.01 0.01 c 
F. compactum -4.73 0.92 0.01 0.01 c 
F. subglutinans -4.73 0.92 0.01 0.01 c 
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Analysis for Chapter 4 Table 2 
  
The presence of Fusarum species occurring in the different plant pieces was 
analysed using a logistic regression model, using data for the four sites as the 
residual component of the analysis. The dispersion parameter was estimated at 
1.36, and the species, segment, and their interaction were fitted as fixed effects. 
Due to the sparcity of data for the stem segments, these were combined for one 
analysis.  
 
Model Df denDF F.inc Pr 
   Species 4 45 18.641 <.001 
   Segment 2 45 1.747 0.174 
   Species.Segment 8 45 0.887 0.527 
  
              
Significant results 
      
Species 
Predicted 
value 
Standard 
error 
Transformed 
value 
approx. 
se Subscripts 
 F. solani -0.96 0.23 0.28 0.05 a 
 F. oxysporum -1.04 0.25 0.26 0.04 a 
 Both F. solani and F. 
oxysporum -2.27 0.36 0.09 0.03 b 
 F. fujikuroi species 
complex -9.05 1.95 0.00 0.01 c 
 None -11.88 2.39 0.00 0.00 c 
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Analysis for Chapter 4 Table 4 
 
A logistic regression model was used to analyse the results of the seedling test tube 
assay. These trials had four seedlings per replicate of treatment. Each seedling 
within each of the tests was assessed for incidence of root rot using a binomial scale 
of 0 (absence) or 1 (presence). These data were applied to a logistic regression 
model, with fixed effects for trial, isolate and their interaction. Since there were four 
observational units for each experimental unit a random plot term was included to 
account for the sampling of seedlings within replicate. The dispersion parameter 
was fixed at 1.   
 
Four of the treatments (BRIP 65269a, BRIP 65270a, BRIP 65273a, BRIP 65276a) 
measured a zero across all of the replicates and trials. Due to the lack of variation 
these were removed from the analysis. The analysis of the remaining four 
treatments showed no significant effect of trial and also no significant difference 
between the four isolates.   
 
  Df denDF F.inc Pr Margin Pr 
Trial 1 117 0.3464 5.57E-01 A 0.466 
Species 1 117 0.52 4.72E-01 a 0.614 
Trt 2 117 0.06161 9.40E-01 A 0.998 
Trial:Species 1 117 1.372 2.44E-01 b 0.504 
Trial:Trt 2 117 0.06278 9.39E-01 B 1.000 
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proportion incidence root infection 
 
transformed 
scale 
backtransforme
d scale 
Trt 
Predicte
d value 
Standar
d error 
Transforme
d value 
Approx
. se 
Subscript
s 
Uppe
r CI 
Lower 
CI 
Upper 
CI 
Lower 
CI 
BRIP 
65271
a -1.11 0.41 0.25 0.07 a -0.29 -1.93 0.43 0.13 
BRIP 
65272
a -1.11 0.41 0.25 0.07 a -0.29 -1.93 0.43 0.13 
BRIP 
65268
a -1.28 0.43 0.22 0.06 a -0.42 -2.14 0.40 0.11 
control -1.70 0.49 0.15 0.05 a -0.72 -2.68 0.33 0.06 
 
 
    
transformed scale 
backtransformed 
scale 
Trt 
proportion 
incidence 
root 
infection approx.se Subscripts 
Upper 
CI Lower CI 
Upper 
CI Lower CI 
BRIP 65271a 0.25 0.07 a -0.29 -1.93 0.43 0.13 
BRIP 65272a 0.25 0.07 a -0.29 -1.93 0.43 0.13 
BRIP 65268a 0.22 0.06 a -0.42 -2.14 0.40 0.11 
control 0.15 0.05 a -0.72 -2.68 0.33 0.06 
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Analysis for Chapter 4 Table 5 
 
The results of the seed soaking technique was analysed using a logistic regression 
model. Each experimental unit within each of the tests was assessed for incidence 
of root rot using a binomial scale of 0 (absence) or 1 (presence). These data were 
applied to a logistic regression model, with fixed effects for trial, species, isolates 
and the interaction between trial and species, and trial and isolate. The dispersion 
parameter was fixed at 1. There were 20 plants per replicate of treatment, therefore 
a random plot term was included to account for the sampling of plants within 
replicate. Results showed no significant interaction of species with trial or isolates 
with trial, indicating a consistent result across the two trials. Since the interactions 
were not significant, these terms were dropped from the model. The final model 
showed significant effect of species (P<0.001) and isolate (P=0.001).    
 
Full model Df denDF F.inc F.con Margin Pr 
Trial 1 36.5 0.2989 0.07953 A 0.780 
Species 5 96.1 10.85 10.85 a 0.000 
Trt 8 68.2 4.999 4.863 A 0.000 
Trial:Species 5 78 0.1299 0.1299 b 0.985 
Trial:Trt 8 58.9 0.03863 0.03863 B 1.000 
 
Final 
Model Df denDF F.inc F.con Margin Pr 
Trial 1 1102 0.02953 0.04822 A 0.826 
Species 5 1102 13.83 13.83 a 0.000 
Trt 8 1102 5.913 5.913 A 0.000 
 
Significant results 
    
Species 
Predicted 
value 
Standard 
error 
Transformed 
value 
Approx. 
se Subscripts 
F. solani 0.49 0.14 0.62 0.03 a 
F. oxysporum 0.46 0.12 0.61 0.03 a 
FFSC -0.35 0.16 0.41 0.04 b 
F. 
proliferatum -2.34 0.52 0.09 0.03 bc 
control -4.37 1.01 0.01 0.01 c 
FIESC -7.68 7.92 0.00 0.00 c 
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Significant results 
Species Trt 
Predicted 
value 
Standard 
error 
Transformed 
value 
approx. 
se Subscripts 
F. solani 
BRIP 
65270a 1.03 0.25 0.74 0.05 a 
F. oxysporum 
BRIP 
65276a 0.85 0.24 0.70 0.05 a 
F. oxysporum 
BRIP 
65273a 0.79 0.24 0.69 0.05 a 
F. solani 
BRIP 
65268a 0.67 0.24 0.66 0.05 a 
F. oxysporum 
BRIP 
65282a 0.51 0.23 0.63 0.06 a 
F. solani 
BRIP 
65353a -0.25 0.23 0.44 0.05 b 
F. oxysporum 
BRIP 
65348a -0.30 0.23 0.42 0.05 b 
F. proliferatum 
BRIP 
65351a -0.30 0.23 0.42 0.05 b 
FFSC  
BRIP 
65281a -0.35 0.23 0.41 0.05 b 
FFSC  
BRIP 
65289a -0.35 0.23 0.41 0.05 b 
FIESC 
BRIP 
65277a -4.37 1.01 0.01 0.01 c 
F. proliferatum 
BRIP 
65291a -4.37 1.01 0.01 0.01 c 
control control -4.37 1.01 0.01 0.01 c 
FIESC 
BRIP 
65285a -11.00 5.75 0.00 0.00 c 
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Analysis for Chapter 4 Table 9 
 
A linear mixed model was fitted to the plant height, weight and root length data for 
the results in the modified root dip 2 technique. Trial, species, isolates and the 
interaction between trial and species, and trial and isolate were fitted as fixed 
effects. A separate residual variance was fitted for each trial. Results showed no 
significant interaction of species with trial or isolates with trial, indicating a consistent 
result across the two trials. There was a significant effect of species and isolates for 
each of the three variables.   
 
Significant effects from linear models 
Terms Height f-prob Weight f-prob Length f-prob 
Trial 0.666 0.410 0.498 
Species <0.001 0.041 0.002 
Trt 0.001 <0.001 <0.001 
Trial:Species 0.688 0.931 0.978 
Trial:Trt 0.993 0.973 0.966 
 
Results from analysis for significant main effect of species 
Species Heigh
t 
standar
d error 
Subscri
pt 
Weigh
t 
standar
d error 
Subscri
pt 
Root 
lengt
h 
standar
d error 
Subscri
pt 
control 10.88 0.56 a 0.58 0.05 a 3.56 0.48 ab 
F. 
oxysporum 7.83 0.28 b 0.51 0.02 ab 4.04 0.24 a 
F. solani 7.21 0.32 b 0.45 0.03 b 2.70 0.28 b 
 
Results from analysis for significant main effect of isolate 
Trt height Standar
d error 
Subscri
pt 
weigh
t 
Standar
d error 
Subscri
pt 
root 
lengt
h 
Standar
d error 
Subscri
pt 
control 10.88 0.56 a 0.58 0.04 ab 3.56 0.48 bc 
BRIP 
65353a 8.85 0.56 b 0.56 0.04 ab 2.13 0.48 d 
BRIP 
65282a 8.56 0.56 b 0.62 0.04 a 4.25 0.48 ab 
BRIP 
65359a 8.44 0.56 bc 0.53 0.04 ab 5.25 0.48 a 
BRIP 
65348a 7.44 0.56 bcd 0.47 0.04 bc 4.19 0.48 ab 
BRIP 
65295a 6.90 0.56 cd 0.47 0.04 bc 3.98 0.48 ab 
BRIP 
65273a 6.88 0.56 cd 0.40 0.04 cd 2.48 0.48 cd 
BRIP 
65268a 5.88 0.56 d 0.33 0.04 d 2.00 0.48 d 
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Analysis for Chapter 4 Table 11 
 
A factorial treatment structure of nine treatments (control and 8 isolates) with two 
soil types (a heavy clay soil and a clay:peat:sandy soil) were assessed for the 
incidence of leaf defoliation using a binomial scale of 0 (no defoliation) or 1 
(defoliation). The trial was repeated. Data from both trials were applied to a logistic 
regression model, with fixed effects for trial, soil type, species, isolates and the 
interaction between trial and species, trial and isolate, soil type and species, and soil 
type and isolate. The dispersion parameter was fixed at 1. Results showed a 
significant main effect of soil type, with clay showing significantly higher incidence 
than the clay:peat:sandy soil. Although there was a significant difference between 
soil types, they both showed very low overall incidence of defoliation. There was no 
significant difference between the isolates and no difference between species. 
 
Full Model Df denDF F.inc F.con Margin Pr 
Trial 1 81 0.07905 0.08668 A 0.769 
Soil Type 1 81 0.2758 0.5386 A 0.465 
Species 3 81 0.1174 0.1174 a 0.950 
Trt 5 81 0.2883 0.2752 A 0.925 
Trial:Species 3 81 0.2925 0.2914 b 0.832 
Trial:Trt 5 81 0.1268 0.1221 B 0.987 
Soil 
Type:Species 3 81 0.02332 0.02332 b 0.995 
Soil Type:Trt 5 81 0.003178 0.003178 B 1.000 
       
Final Model Df denDF F.inc F.con Margin Pr 
Trial 1 97 0.3924 2.92E-30 A 1.000 
Soil Type 1 97 5.073 5.65E+00 A 0.019 
Species 3 97 0.07967 7.97E-02 a 0.971 
Trt 5 97 0.6987 6.99E-01 A 0.626 
       
Significant results 
     
Soil Type 
Predicted 
value 
Standard 
error 
Backtransformed 
mean - proportion of 
wilt 
approx. 
se Subscript 
 
Clay -2.89 6.42 0.05 0.05 a 
 
ClayPeatSand -5.52 6.49 0.00 0.00 b 
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Analysis for Chapter 4 Table 13 
 
The results for the spore suspension technique were analysed with a logistic 
regression model. Trial, isolate, variety and their interactions were included as the 
fixed effects in the analysis. There was an overall significant effect of variety 
(P=0.022) and isolate (P=0.016). There was no significant difference between the 
trials, indicating a consistent result across the two trials. 
Full Model Df denDF F.inc F.con Margin Pr 
Trial 1 36 0.01 0.28 A 0.603 
Variety 1 36 1.43 1.83 A 0.185 
Trt 2 36 0.79 0.91 A 0.412 
Trial:Variety 1 36 0.25 0.02 B 0.887 
Trial:Trt 2 36 0.04 0.01 B 0.985 
Variety:Trt 2 36 0.02 0.02 B 0.977 
Trial:Variety:Trt 2 36 0.00 0.00 C 0.997 
       
       Final Model Df denDF F.inc F.con Margin Pr 
Trial 1 43 0.02 0.17 A 0.685 
Variety 1 43 1.44 5.63 A 0.022 
Trt 2 43 4.53 4.53 A 0.016 
       
       Significant 
results 
      Variety Predicted 
value 
Standard 
error 
Transformed 
value 
approx. 
se 
Subscript 
 GreenDiamond -0.45 0.54 0.39 0.12 a 
 Regur -2.71 0.82 0.06 0.03 b 
 
       
       Significant 
results 
      Trt Predicted 
value 
Standard 
error 
Transformed 
value 
approx. 
se 
Subscript 
 BRIP 65308a 0.34 0.59 0.58 0.15 a 
 BRIP 65270a -1.86 0.76 0.13 0.07 b 
 control -3.21 1.12 0.04 0.03 b 
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Analysis for Chapter 4 Table 18 
 
A linear mixed model was fitted to the plant height, root length, and discoloured root 
tissue data for the millet inoculum layer technique presented in Table 18 (Chapter 
4). Trial, isolate, inoculum dosage and their interactions were fitted as fixed effects.  
A separate residual variance was fitted for each trial. Results showed a significant 
interaction of inoculum dosage with isolate for plant height, root length, and root 
discolouration (P<0.001). There was no interaction of trial with inoculum dosage or 
isolate, indicating that the response was consistent across trials. There was 
however an overall significant effect of trial in the plant height measurement 
(P=0.003). So while the isolate by inoculum interaction was consistent, results 
showed that trial 2 achieved higher plant heights than trial 1. There was no effect of 
trial on root discolouration, indicating that the inoculum by isolate response was 
consistent across trials.  
 
Height Df denDF F.inc F.con Margin Pr 
Trial 1 163.4 8.80 8.80 A 0.003 
Trt 3 163.4 113.30 132.90 A 0.000 
Inoculum 2 163.4 71.30 71.30 A 0.000 
Trial:Trt 3 163.4 1.16 1.14 B 0.335 
Trial:Inoculum 2 163.4 0.61 0.61 B 0.544 
Inoculum:Trt 5 163.4 19.62 19.62 B 0.000 
Trial:Trt:Inoculum 5 163.4 0.81 0.81 C 0.544 
 
Plant height 
    
Trial mean Standard error Subscript 
 
2 15.58 0.23 a 
 1 14.72 0.17 b 
 
     
     Plant height 
    
Isolate Inoculum mean Standard error Subscript 
control 6 19.22 0.48 a 
control 1 18.67 0.48 a 
control 10 18.56 0.48 a 
BRIP 65399a + BRIP 
65389a 1 18.06 0.48 ab 
BRIP 65389a 1 17.11 0.48 b 
BRIP 65399a + BRIP 
65389a 6 15.33 0.48 c 
BRIP 65389a 6 13.89 0.48 d 
BRIP 65399a 1 13.67 0.48 d 
BRIP 65389a 10 13.44 0.48 d 
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BRIP 65399a + BRIP 
65389a 10 10.11 0.48 e 
BRIP 65399a 6 8.56 0.48 f 
 
Root Length Df denDF F.inc F.con Margin Pr 
Trial 1 170.9 1.418 1.418 A 0.235 
Trt 3 170.9 162.7 189 A 0.000 
Inoculum 2 170.9 132.4 132.4 A 0.000 
Trial:Trt 3 170.9 1.312 1.359 B 0.257 
Trial:Inoculum 2 170.9 0.8069 0.8069 B 0.448 
Inoculum:Trt 5 170.9 39.05 39.05 B 0.000 
Trial:Trt:Inoculum 5 170.9 0.8326 0.8326 C 0.528 
 
Root Length       
Trt Inoculum mean 
Standard 
error Subscript 
control 10 21.61 0.56 a 
control 6 21.56 0.56 a 
BRIP 65389a 1 21.28 0.56 a 
control 1 21.06 0.56 a 
BRIP 65399a + BRIP 
65389a 1 18.61 0.56 b 
BRIP 65399a + BRIP 
65389a 6 12.89 0.56 c 
BRIP 65399a 1 12.44 0.56 cd 
BRIP 65389a 6 12.28 0.56 cd 
BRIP 65399a 6 10.89 0.56 de 
BRIP 65399a + BRIP 
65389a 10 10.06 0.56 e 
BRIP 65389a 10 7.44 0.56 f 
 
 
Discoloured 
root tissue (%) Df denDF F.inc F.con Margin Pr 
Trial 1 180.7 0 0.00 A 1.000 
Trt 3 180.7 561.2 561.20 A 0.000 
Factor 2 180.7 444.3 444.30 A 0.000 
Trial:Factor 2 180.7 2.439 2.44 B 0.090 
Trial:Trt 3 180.7 0.1806 0.18 B 0.909 
Factor:Trt 6 180.7 73 73.00 B 0.000 
Trial:Factor:Trt 6 180.7 0.25 0.25 C 0.959 
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Discoloured root tissue (%) 
    
Trt Inoculum mean 
Standard 
error Subscript 
BRIP 65399a 10 97.22 2.02 a 
BRIP 65389a 10 65.56 2.02 b 
BRIP 65389a 6 63.33 2.02 b 
BRIP 65399a 6 62.78 2.02 b 
BRIP 65399a + BRIP 65389a 10 61.11 2.02 b 
BRIP 65399a + BRIP 65389a 6 40.00 2.02 c 
BRIP 65399a 1 29.72 2.02 d 
BRIP 65399a + BRIP 65389a 1 22.50 2.02 e 
BRIP 65389a 1 10.56 2.02 f 
control 1 0.56 2.02 g 
control 6 0.56 2.02 g 
control 10 0.00 2.02 g 
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Analysis for Chapter 4 Table 20 
 
A linear mixed model was fitted to the plant height and root length data for the millet 
layer inoculum technique presented in Table 20 (Chapter 4). Trial, isolate their 
interactions were fitted as fixed effects. A separate residual variance was fitted for 
each trial. Results showed a significant effect of isolate for both plant height and root 
length (P<0.001). There was no interaction of trial with isolate, indicating that the 
response was consistent across trials. There was however an overall significant 
effect of trial in the root length measurement (P=0.004). Each experimental unit 
within each of the tests was assessed for incidence of root and basal rot using a 
binomial scale of 0 (absence) or 1 (presence). These data were applied to a logistic 
regression model, with fixed effects for trial, isolate and their interaction. The 
dispersion parameter was fixed at 1. Results showed no significant interaction of 
trial, indicating a consistent result across the two trials. There was a significant 
difference between the isolates (P=0.003).   
 
Plant Height Df denDF F.inc F.con Margin Pr 
Trial 1 62.7 2.366 2.366 A 0.129 
Trt 3 62.7 176.6 176.6 A 0.000 
Trial:Trt 3 62.7 1.255 1.255 B 0.297 
       Plant Height 
      
Trt mean 
Standard 
error Subscript 
   
control 22.89 0.47 a 
   BRIP 65268a 17.67 0.47 b 
   BRIP 65282a 10.28 0.47 c 
   BRIP 65282a + BRIP 65268a 9.94 0.47 c 
    
Root length Df denDF F.inc F.con Margin Pr 
Trial 1 62.20 9.09 9.085 A 0.004 
Trt 3 62.20 387.20 387.2 A 0.000 
Trial:Trt 3 62.20 1.12 1.116 B 0.349 
       Root length 
      
Trt mean standard.error Subscript 
   
control 18.28 0.38 a 
   BRIP 65268a 6.75 0.38 b 
   BRIP 65282a + BRIP 65268a 3.83 0.38 c 
   BRIP 65282a 1.83 0.38 d 
   
       Root Length 
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Trial mean standard.error Subscript 
   
2 8.25 0.25 a 
   1 7.10 0.29 b 
    
Root and Basal 
rot Df denDF F.inc F.con Margin Pr 
Trial 1 64 0.2062 0.1131 A 0.738 
Trt 3 64 5.156 5.156 A 0.003 
Trial:Trt 3 64 0.06368 0.06368 B 0.979 
       Root and Basal rot 
      Trt Predicted 
value 
Standard 
error 
Transformed 
value 
approx. 
se 
Subscripts 
 BRIP 65282a 2.84 1.03 0.94 0.09 a 
 BRIP 65282a + BRIP 
65268a 0.45 0.48 0.61 0.12 b 
 BRIP 65268a 0.22 0.47 0.56 0.12 b 
 control -2.84 1.03 0.06 0.03 c 
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Analysis for Chapter 4 Fig. 12 
 
Results for the millet layer technique presented in Fig. 12 (Chapter 4) were analysed 
using a logistic regression model. There was a significant interaction between 
variety and isolate (P<0.001). There was no significant effect from the trials, 
indicating a consistent result across the two trials. 
 
Full Model Df denDF F.inc Pr 
  
Trial 1 946 3.24 0.072 
  Trt 2 946 1.40 0.247 
  Variety 1 946 8.17 0.004 
  Trial:Variety 1 946 0.01 0.942 
  Trial:Trt 2 946 0.85 0.429 
  Variety:Trt 2 946 20.21 0.000 
  Trial:Variety:Trt 2 946 0.22 0.800 
  
       
       
Final Model Df denDF F.inc F.con Margin Pr 
Trial 1 951 0.6456 0.8472 B 0.358 
Trt 2 951 1.961 3.578 A 0.028 
Variety 1 951 11.22 11.22 A 0.001 
Variety:Trt 2 951 25 25 B 0.000 
       Significant 
results 
      
Variety Trt 
Predicted 
value 
Standard 
error 
Transformed 
value approx. se Subscripts 
Regur 
BRIP 
65389a -0.43 0.16 0.39 0.04 a 
GreenDiamond 
BRIP 
65399a -0.85 0.17 0.30 0.03 ab 
Regur control -1.10 0.18 0.25 0.03 bc 
Regur 
BRIP 
65399a -1.47 0.20 0.19 0.03 c 
GreenDiamond 
BRIP 
65389a -2.27 0.27 0.09 0.02 d 
GreenDiamond control -3.96 0.58 0.02 0.01 e 
  
